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3INFLUENCE OF AIR POLLUTANTS ON
GROUNDWATER ACIDIFICATION
IN THE PORVOO AREA, SOUTHERN FINLAND
Jouko Soveri
Soveri. J. 1991. Influence of afr pollutants on groundwater acidification in the
Porvoo area, southern Finland. Publications of the Water and Environment
Research Institute. National Board of Waters and the Environment, Finland.
No. 8.
The local deposition leveis and acid load were estimated on the basis of snow
analyses iii the Porvoo area. The results are presented for 5 x 5 km squares on
a 3-dimensional computer piot. Groundwater sampies were taken from natural
springs and untreated water from waterworks. The interdependence between
the different components in groundwater and the causal effects of
acidification were estimated. The aluminium concentrations in spring water in
the most acidic areas were exceptionally high and the alkalinity in rural areas
was extremely low and in places was zero.
Index words: Snow, acidic deposition, groundwater
1 INTRODUCTION
During the past few years acidification has been
considered to be one of the most serious
environmental problems of the future. Waterway
acidffication is aiready a generally recognized
phenomenon in almost every region where fossil
fueis are used. Air pollutants have been shown to
cause significant changes in the state of the
environment over extensive areas in Scandinavia,
Canada and North America. Future prospects also
appear depressing unless we can decisively reduce
sulpliur and nitrogen emissions. We can assume
that acidification will further increase in certain
areas despite ail the measures applied to counteract
it.
Acidification has aiready been shown to have
affected the jon ratios of groundwater in Finland
and Sweden. Special concem is being expressed
about the increasing mobffization of toxic metais
(Pb, Cu, Cd and Al) from both soi1 and drinking
water pipes, as well as their possible harmful effects
on health. In the future, water supply wffl be
obtained, to an ever-increasing extent, from
groundwater sources.
The threat of groundwater acidification is at its
greatest in shallow groundwater aquifers. The
water supply iii rural areas is often derived from
such sources. Municipal water catchments usually
consist of better protected, deeper aquifers. The
groundwater is of special importance in the Porvoo
area because the water supply to the city of Porvoo
and the rural municipality is based solely on the
utilization of groundwater.
The aim of this study is to estimate the extent
to which the deposition of air pollutants has
effected groundwater acidification and ion ratios in
the city and rural municipality of Porvoo.
Local deposition levels and acid load were
estimated by snow studies. The snow cover
functions as a natural deposition collector on
which air pollutants are deposited in layers. The
4chernical composition of the snow layer also
depicts the starting point from which the jon ratios
of the waterways and groundwater are formed iii
the spring.
An attempt was made to ohtain representative
groundwater sampies from natural springs. The use
of concrete-lined wells was avoided as far as
possible because they are a source of base cations.
lon balance analyses were used to estimate the
dependences between the concentrations of diifer
ent ions and the causal relationship between these
concentrations and acidification. Changes in
groundwater quality were used to estimate the
deposition leveis which resuit in reactions that
change the acid-base equilibrium of groundwater.
Acidic deposition increases the rate of weathering
of silicate minerais and leaching in the soil. The
aim of the study is also to estimate the solubility of
base cations, heavy metais and aluminium in
groundwater. This study is being carried out as
part of the Finnish Acidification Research Pro
gramme 1985—1990 (HAPRO) funded by the
Ministry of the Environment.
2 MATERIAIS, METHOD AND
REPRESENTATIVENESS
2.1 Snow studies
Snow studies were used to estimate the deposition
load (fig 1). In 1986 a total of 20 sampies were
taken from the city and rural municipality of
Porvoo along three transects running from the
Sköldvik industrial plant to the east (1), northeast
(K) and north (?), and from the Porvoo city
waterworks (V) and a comparison area (K). In 1987
35 sampies were taken systematically from the
Porvoo rural municipality using a symmetrical grid
covering the whole area. Snow profile sampies were
taken with a plexiglass sampier from the snow
surface down to the ground before snow meit had
commenced. The sampies represented the amount
of snow which had fallen throughout the entire
winter, and the deposition that had accumulated in
the snow.
In order to obtain a representative snow sample
it was important to take the sampies from points
where snow meit had not yet commenced. A
considerable portion of the accumulated material
in snow is removed during the initial stage of snow
meit (Johanssen and Henriksen, 1978).
The snow cover also represented the mean snow
conditions, i.e. the wind should not have formed
Fig. 1. Location of the snow sampling points in 1986:
transects P, K and 1, V waterworks and R =
comparison point (upper figure). Location of the snow
sampling points in 1987: Points A1—12, B1—4, C1—5,
D1—5, E1—6, F1—7 and G1—4 (lower figure).
5any snow drifts or moved any snow from the area.
The authenticity of the snow cover was verified on
site by measuring the thickness of the snow cover,
or by determining its water equivalent.
The mean monthly deposition during the winter
was calculated from the concentrations of different
components in the snow, the water equivalent of
the snow and data about the formation of the snow
cover, using the following equation (Soveri, 1985):
Dm
=
Cs, (1)
moatMy deposition (mg m2)
snow bulk concentration (mg 1—1)
water equivalent of the snow (mm)
time off deposition (iii days)
voirs. Changes ja groundwater quality ja deep
aquifers are slower and relatively smaller than those
in shallow ones. The conceatration of solutes ja
groundwater js usually lower ja areas with bedrock
that is acidic aad most resistant to weathering and
higher iii areas with basjc bedrock.
The groundwater sampies taken in the Porvoo
area are primarily from shallow aquifers and are
thus indicatjve of the water from rural areas. The
waterworks’ sampies are iii contrast, from large
aquifers in sand and gravel formatjons.
Twenty groundwater sampies were taken in May
1986. The sampling points and sample numbering
are presented in Fig. 2. The groundwater sampies
were collected after spring snow meit, when the
immediate effects of acidic meltwater are also most
clearly evjdent in groundwater quality. The winter
samples were takea at the time of low groundwater
leveis ja January 1987 when hardly any groundwater
is formed. Groundwater sampling was repeated at
the same sampling points in spring 1987.
2.3 Wellwater survey in the area
A survey of wellwater acjdifjcatjoa was also carried
out in the Porvoo area. Wellwater samples were
taken at specific intervais from 2 km2 blocks. The
sampling (a total of 99 wells) represented the area
of the rural municipallty (Haanus, 1987). The
temperature of the water sampies was measured
immediately iii the field and pH, alkanity and
electrical coaductivity in the laboratory of the
Saksela waterworks.
The type of soi1 surrounding the well, the water
level, and the age structure of the well were
determined in connection with wellwater sampling.
The effect of these factors on water acjdjficatjon
was also investigated iii the study.
2.4 Percolation water studies
The soil protects groundwater against acidification
for a Iong time. The mineral composition of the
soil plays an important role ja regulating the
acjdificatjon balance. The number of protons
increases and the number of base ions decreases as
soil acjdification progresses. The buffering capacity
of the soi1 depends on how long jon exchange can
maintain a state of equilibrium. Base cations are
displaced from the exchange sjtes and pass into the
soil water and subsequently into the groundwater.
where
Dm
cs =
We =
2.2 Groundwater studies
Groundwater sampies were taken, wherever p055-
ible, from either natural springs or untreated water
from waterworks. In order to ensure representative
sampling, the sampling points were not located ja
areas affected by agriculture for instance, since the
aim of the study was to estimate only the effects of
airborne pollutants on groundwater quality.
Temporal variations ja groundwater quality are
connected with a specific time lag, to the
replenishing or emptying of groundwater reser
Fig. 2. Groundwater sampling points.
6The changes taking place in the soil water
during percolation are being monitored in the area
of the Sannäs aquifer by taking percolation water
sampies from collection gutters Iocated at three
different depths (fig. 3). The uppermost gutter is
situated under the organic layer, the middle one in
the enrichment layer, and the deepest one below
the podzol layer.
The inclining gutters drain the percolation water
into a collection bottle. The percolation water
studies are being used to investigate the mobiliz
ation of different elements jo different horizons of
the soi! and to estimate the effect of organic matter
and mineral soil on the retention and mobilization
of different elements.
3 DEPOSITION DURING WINTER
3.1 Chemical composition of the snow
and deposition during 1986
The snow sampies were melted and after pre
treatment (homogenization and filtering) subjected
to the following analyses: pH, electrical conductiv
ity, alkalinity (AIk.), nitrite (N02—N), nitrate
(N03—N), ammonium (NH4—N), total nitrogen
(N0), phosphate (P04—P), potassium permanga
nate consumption (KMnO4), sulphate (504—5),
chloride (Cl), sodium (Na), potassium (K), calcium
(Ca), magnesium (Mg), aluminium (Al), zinc (Zn),
copper (Cu), lead (Pb), cadrnium (Cd), vanadium
(V), organic carbon (TOC) and strong acids. The
results of the analyses are shown in Table 1.
There were great differences in acidity in the
area. The pH of the snow varied from 4.4 to 6.8.
Low pH values were clearly dependent on the
sulphate content of the snow and high pH values
on calcium and magnesium. The increase iii the pH
of the snow in the latter case was due to field
liming in the immediate vicinity of the sampling
points. Relatively low Ca leveis were found to have
effectively buffered the acidity of snow containing
high sulphate loads (fig. 4).
Snow acidity in the area was primarily deter
mined by the deposition of sulphate, nitrogen and
hydrogen ions. Nitrate and ammonium ions are
effectively assimilated by biological processes in the
soil. The most important acidic anion with respect
to acidification is sulphate. However, reactions
involving sulphate in the soil are relatively
unimportant. The effects of acidic deposition are
usually indicated by the presence of sulphate ions
and not hydrogen or nitrate ions.
Snow sulphate leveis in the Porvoo area varied
beetween 1.7—5.0 mg 1—1, and were fairly evenly
distributed throughout the study area. The mean
sulphate concentration of snow in Finland is 2.2
mg —1 The concentrations of nitrogenous com
pounds, determined as total N, varied between
1310—1810 g 1—1). The sulphur and nitrogen load
in the Porvoo area is more than double the mean
•4 5 6
Fig. 3. Schematic diagramme of the percolation
study setup in the area of the Sannäs aquifer and the
collection pipes 1, 2 and 3.
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fig. 4. Dependence of snow acidity on the sulphate and
calcium content.
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9for Finland. Metal concentrations (Al, Zn, Cu, Pb
and Cd) did not significantly diifer from the
background deposition load. As expected, the
vanadium leveis (<1 — 17 1—1) were markedly
higher close to the Sköldvik oil refinery.
A permanent snow cover had formed in the
Porvoo area by 26.11.1985. Snow sampling took
place on 22.—25.2.19$6 and hence the sampies
represented about three months deposition (90 d).
The mean water equivalent of the snow was 90
mm. The deposition values shown in Table 2 were
calculated from the elemental composition of the
snow (Equation 1). The snow studies indicated
that the winter sulphate deposition load is less
than during the summer because dry sulphur
deposition is more effectively removed from the
atmosphere by rainwater than by snow fail.
The deposition levels of different elements or
ions did not vary significantly in the Porvoo area.
According to the transect studies, the Sköldvik
industrial complex clearly affected local deposition
values for vanadium, although deposition leveis for
Zn and nitrogenous compounds at the study
points were also rather large.
3.2 The elemental composition of the
snow and deposition during 1987
The following chemical analyses were made on
snow samples taken in 1987: pH, electrical
conductivity, NH3—N, NH4—N, S04, Ca,
Mg and KMnO4 (Table 3). The deposition results
Tahle 3. Elemental and ionic content of the snow in the Porvoo area dudng 1987.
pH y25 N03—N NH4—N N0 S04 Ca Mg KMnO4
Sample
mSm’ ig 1—1 mg 1—1
A1 7.0 2.6 440 620 1270 2.0 0.95 0.07 10.4
A2 6.0 1.8 290 490 1590 <1 1.12 0.09 13.6
B1 6.0 1.9 450 730 910 3.7 0.9$ 0.10 3.5
B2 5.2 2.0 470 440 920 2.6 0.83 0.0$ 5.4
B3 6.0 1.2 220 310 610 2.0 0.57 0.04 5.4
B4 6.0 1.4 310 270 960 <1 0.87 0.09 11.7
C1 4.8 2.2 400 390 900 2.1 0.58 0.07 2.8
C2 4.9 2.2 430 380 930 2.0 0.83 0.0$ 7.3
C3 5.4 1.5 330 380 970 1.0 0.80 0.0$ 6.0
C4 4.9 2.0 390 330 820 1.4 0.60 0.07 4.7
C5 5.3 1.4 340 560 1180 3.6 0.9$ 0.47 12.3
Dl 4.9 2.2 430 250 $90 2.4 0.99 0.08 9.2
02 4.7 2.2 480 300 860 2.6 0.91 0.08 4.1
03 4.7 1.9 460 360 880 <1 0.57 0.07 6.6
04 4.8 2.1 450 430 920 1.7 0.69 0.07 6.6
05 3.7 9.3 310 950 2450 3.3 3.59 0.65 23.0
06 4.7 2.4 460 320 910 2.9 0.64 0.07 9.2
07 5.2 1.4 270 61 460 2.4 0.72 0.06 9.2
E1 6.7 2.4 610 470 1110 3.7 0.90 0.12 6.0
E2 5.6 1.9 430 390 810 2.3 0.92 0.09 2.8
E3 4.9 2.5 450 75 1050 5.2 1.34 0.19 11.1
E4 5.0 1.9 390 76 860 4.5 0.56 0.08 7.9
E5 4.9 1.9 420 75 830 3.0 1.06 0.09 5.4
E6 5.1 1.9 380 39 590 1.5 0.59 0.09 1.6
F1 5.3 2.0 440 330 760 1.6 1.35 0.10 6.0
f2 4.9 2.4 370 61 750 3.9 1.05 0.09 4.1
f3 4.9 4.1 430 53 910 1.0 0.98 0.07 19.0
F4 5.3 3.2 360 60 $50 2.3 1.67 0.20 11.4
F5 4.8 2.4 400 5$ 680 4.1 0.72 0.06 20.2
f6 4.7 2.1 370 56 640 3.2 0.40 0.04 1.9
F7 5.7 2.2 440 63 670 3.4 1.00 0.07 10.1
G1 7.0 2.8 550 78 %0 6.4 1.43 0.11 5.1
G2 4.9 2.2 420 55 860 5.0 0.98 0.08 13.3
G3 4.8 2.1 450 61 780 4.0 1.06 0.08 4.4
G4 5.1 2.1 370 51 $20 5.0 0.99 0.08 2.5
10
presented in Table 4 have been calculated accord
ing to Equation 1.
A permanent snow cover had formed in the
Porvoo area by 17.12.1986. Since sampling took
place on 20.—22.3.1987, deposition had occurred
for over three months (96 d). The mean water
equivalent of the snow was 87 mm,
3.3 Local variation in concentration
and deposition values.
The elemental concentrations in the snow as well
as deposition leveis are examined in the following
on an areal and elemental basis in Porvoo rural
municipality. The results are presented for 5 X 5
km squares (Figs. 5,6 and 11) and have been
presented on a 3dimensiona1 computer piot (Figs.
7—10). The elemental concentrations of the snow
and the deposition values for the winter period
depicted on the grid are based on one observation
and hence the resuit is not representative for the
whole square but only an individual point value.
The elemental concentrations in the snow varied
considerably throughout the study period in
accordance with local emissions and other
anthropogenic factors such as traffic and field
liming.
The pH of the snow ranged from 3.7 to 7.0. The
lowest pH was measured in the vicinity of Porvoo
(Square D5). In addition to sulphate, the total
nitrogen concentration was also rather high in this
area presumably due to the effects of local traffic.
Table 4. The montMy deposition load in the Porvoo area during winter 1987.
NO3 NH4 N0 S04 Ca Mg KMnO4
mg m2
A1 12.0 16.9 34.5 54.4 25.8 1.9 283
A2 7.9 13.3 43.2 27.2 30.5 2.4 370
B1 12.2 19.8 24.7 101.0 26.6 2.7 95
B2 12.8 12.0 25.0 70.7 22.6 2.2 147
33 6.0 8.4 16.6 54.4 15.5 1.1 147
34 8.4 7.3 26.1 27.2 23.7 2.4 31$
C 10.9 10.6 24.5 57.1 15,$ 1.9 76
C2 11.7 10.3 25.3 54.4 22.6 2.2 198
C3 9.0 10.3 26.4 27.2 21.8 2.2 163
C4 10.6 9.0 22.1 38.1 16.3 1.9 12$
C5 9.2 15.2 32.1 97.9 26.6 12.8 334
D1 11.7 6.8 24.2 65.3 26.9 2.2 250
13.7 8.2 23.4 70.7 24.7 2.2 111
D3 12.5 9.8 23.9 27.2 15.5 1.9 179
D4 12.2 11.7 25.0 46.2 18.8 1.9 179
D5 8.4 25.8 66.6 $9.7 97.6 17.7 625
12.5 8.7 24.7 78.8 17.4 1.9 250
D7 7.3 1.7 12.5 65.3 19.6 1.6 250
E1 16.6 12,$ 30.2 100.6 24.5 3.3 163
E2 11.7 10.6 22.0 62.5 25.0 2.4 76
E3 12.2 2.0 28.5 141.4 36.4 5.2 302
E4 10.6 2.1 23.4 122.3 15.2 2.2 215
E5 11.4 2.0 22.6 81.6 28.8 2.4 147
E6 10.3 1.1 16.0 40.8 16.0 2.4 44
F1 12.0 9.0 20.7 43.5 36.7 2.7 163
F2 10.1 1.7 20.4 106.0 28.5 2.4 111
F3 11.7 1.4 24.7 27.2 26.6 1.9 517
f4 9.8 1.6 23.1 62.5 45.4 5.4 310
F5 10.9 1.6 18.5 111.5 19.6 1.6 549
F6 10.1 1.5 17.4 87.0 10.9 1.0 52
f7 12.0 1.7 18.2 92.4 27.2 1.9 274
G1 15.0 2.1 26.1 174.0 38.9 3.0 139
G2 11.4 1.5 23.4 135.9 26.6 2.2 362
G3 12.2 1.7 21.2 108.8 28.8 2.2 120
G4 10.1 1.4 22.3 135.9 26.9 2.2 68
11
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fig. 5. The pH, electrical conductivity, permanganate value and calcium concentration of the snow in the Porvoo area
in 1987.
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fig. 6. The sulphate, total nitrogen, nitrate and ammonium concentrations of the snow in the Porvoo area in 1987.
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Fig. 7. Three-dimensional depiction of the pH and electrical conductivity of the snow in the Porvoo area in 1987. P
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Rather high pH values were also recorded in other
parts of the study area (Squares Al and Gi) most
probably as a resuit of field liming carried out
nearby. Limestone dust can under certain condi
tions, be carried for nany hundreds of meters from
the liming area. The electrical conductivity,
permanganate value and calcium concentration
were also exceptionally high near Porvoo. This is
typical of the dust produced in urban areas.
When estimating the effects of the Sköldvik
industrial complex on the sulphate load in the area,
a computer-generated, three-dimensional piot
showed that the largest sulphate loads generally
occurred rather to the south of the center of
Sköldvik. The deposition was distributed over a
large area around the emission source, the major
portion faffing outside Porvoo rural municipality.
This is due to the fact that the local load is
relatively small compared to the total emissions
from the industrial cömplex.
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Fig. 11. The monthly deposition of sulphate, total nitrogen, nitrate and ammonium during the winter in the Porvoo
area jo 1987.
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4 JON RATIOS JN THE
GROUNDWATER AND
PERCOLATJON WATER
4.1 Groundwater qualfty in 1986
The results of the groundwater analyses are
presented in Tabies 5 and 6. The variations in the
chemical composition of groundwater in till soils
and sand and gravel soils are examined in Table 6.
The concentrations iii natural springs and ‘cement
ring” springs are also compared and the effect of
calcium dissolution on acidification estimated.
Saksala (2), Mickelsböle (5), Ilola (6), Linnanmäki
(14) and Sannäs (15) represent untreated sampies
from the waterworks.
Groundwater quality varies considerably accord
ing to the type of soil in which the water occurs.
The wells in rural areas are usually situated in till
soils and the aquifers of urban areas and towns in
soi-ted sand and gravel areas. Ten groundwater
samples represent groundwater from till soils and
ten from sorted soils. The acidity of the ground
water from the till areas was clearly higher. The
alkalinity was also lower in these areas than in
sorted soils. The pH and alkalinity of the
groundwater from cement-ring wells were clearly
higher than those of natural springs.
In general, the groundwater in the city of
Porvoo and the rural municipality is extremely
acidic and in places contains considerable amounts
of sulphur and nitrogen compounds. These
concentrations were also higher than those in the
waterworks. The alkanity of the groundwater in
the waterworks’ aquifers was generally high, which
reflects the satisfactory buffering capacity of the
areas against acidity. On average, the groundwater
in gravel and sand areas contained more sulphate
and nitrogenous compounds than that in till areas.
This is due to the fact that air pollutants are
readily able to penetrate coarse-textured soils.
The heavy metal concentrations in the area were
generally low. Cadmium occurs in low concen
trations in the groundwater at one point which
corresponded to the level iii the snow samples.
However, the levels were well below the allowable
cadmium leveis defined by the National Board of
Health (5 zg 1—1). Vanadium, which occurred in
many of the snow samples, was not detected in the
groundwater at ail. In contrast, the aluminium and
zinc concentrations in the groundwater were
occasionally extremely high and clearly differed
from the mean leveis for shallow aquifers in
Finland (M 215 .tg l—, and Zn 19 ig 1—’).
4.2 Groundwater quality in 1987
The 1987 groundwater samples were taken during
the Iow-water” time in January when hardly any
groundwater is formed, and at the “high-water”
time in May following snowmelt. Points 8, 9 and
12 were not found during the winter owing to the
snow cover. The results are presented in Tabies 7
Table 6. Comparison of groundwater concentrations in different types of soil and in natural and “cement ring” springs.
Parameter Unit
pH
y25
Alk.
NO3
NH4
N0
P04
KMnO4
Cl
s04
Ca
K
Mg
Na
Al
Zn
Cu
Pb
Cd
v
mSm’
mmol1
1-1
cgI1
Till Gravel-Sand Spring Spring (cem.) i Porvoo 5 Finland
n. 10 n. 10 n. 15 n. 5 n. 20 n. > 2000
5.17 5.93 5.37 6.0$ 5.55 6.32
6.5 21.8 10.8 24.1 14.2 6.0
0.07 0.45 0.14 0.63 0.26 0.31
113 46$ 121 798 290 190
16 30 19 33 23 33
282 587 278 904 435 —
1.6 0 0.4 2.0 0.8 15.4
15.6 2.7 11.4 2.4 9.2 —
7.5 33.7 20.1 22.1 20.6 2.1
5.7 9.2 6.3 11.0 7.5 6.1
4.8 17.1 7.6 21.1 11.0 4.5
1.0 2.9 1.2 4.1 1.9 1.2
1.7 5.5 2.3 7.6 3.6 1.4
3.0 18.8 8.7 17.4 10.9 2.7
762 252 613 187 507 215
176 205 131 367 190 13
4.5 5.0 3 9 4.8 3
0 0 0 0 0 4
0.13 0.07 — — — —
0 0 0 0 0 —
20
and 8. The sampies were nitrogen, sulphate, the waterworks’ and spring water sampies. The
chloride, calcium, magnesium, sodium, potassium, mean sulphate and total nitrogen concentrations in
aluminium, cadmium, lead, nickel, copper and zinc. the groundwater were clearly higher in the winter
The concentrations in the winter and spring (S04 30.5 mg 1—1 and N0 927 g 1—1) than in the
groundwater sampies did not usually vary vety spring (S04 20.7 mg —1 and N1 265 g 11).
much. Only the sulphate and total nitrogen There was also seasonal variation in the waterworks
concentrations showed clear seasonat variation iii sampies (S04 45.2—37.0 mg 1 and N0 1323—
Table 7. Groundwater analysis results in spring 1987 in the Porvoo area,
Sample pH Mk. y N03—N N0 PJ S04 Na K Ca Mg
mmol 1—1 mSm1 1—1 mg M
1 5.37 0.01 5.6 40 165 370 13.5 3.1 0.5 3.2 1.6
2 6.48 0.84 26 430 525 160 36.0 19.0 4.8 14.0 8.0
3 5.28 0.13 12 570 755 470 62.0 4.0 2.5 8.5 3.1
4 4.88 0.02 5.6 50 165 440 14.4 2.5 0.6 2.9 1.3
5 6.09 0.63 29 1145 1770 15 62.0 10.5 4.8 22.0 10.5
6 6.24 0.76 21 40 135 28 41.4 10.0 2.7 14.5 7.0
7 5.45 0.11 5.2 20 380 285 11.5 2.5 0.9 3.0 1.3
8
9
10 5.62 0.13 13 25 4770 1000 26.5 3.4 1.1 6.6 2.9
11 5.88 0.37 12 505 585 1600 22.5 4.3 3.0 9.5 3.3
12
13 5.79 0.31 25 1360 1530 56 38.4 13.5 5.0 18.0 5.5
14 6.22 1.02 52 3175 3420 20 62.0 45.0 13.0 21.0 12.0
15 6.47 0.48 18 710 765 28 24.6 10.0 2.7 10.5 5.5
16 5.24 0.06 5.7 60 240 320 15.5 2.7 0.7 3.2 1.3
17 5.23 0.16 7.7 50 90 16 13.0 3.2 0.8 6.5 1.7
1$ 5.23 0.05 7.5 40 270 1330 23.4 2.9 0.8 4.6 1.8
19 6.03 0.22 9.6 30 75 450 23.4 4.2 2.3 8.0 1.4
20 5.41 0.14 10.1 20 120 600 27.6 4.4 1.0 8.0 2.5
Table 8. Groundwater analysis results in spring 1987 in the Porvoo area,
pH 725 N03—N N S04 Cl Ca Mg Al Cd Pb Ni Zn
Sample
—
—
—
—mSm 1 ig 1 1 mg 1 1 g 1 1
1 5.7 5.4 45 200 6.0 2.0 2.9 1.4 300 0.17 <1 <1 1
2 6.3 22.0 355 480 24.0 29.7 18.4 8,$ 39 <0.1 <1 1 12
3 5.7 9.7 640 913 17.0 3.5 11.4 3.6 525 0.13 1 21 14
4 5.0 5.2 27 30 14.4 2.0 2.7 1.6 605 <0.1 <1 3 4
5 6.0 24.6 1170 1230 47.3 17.9 20.2 12.8 13 <0.1 <1 4 $
6 6.2 15.0 146 280 21.5 8.2 12.2 6.4 91 <0.1 <1 <1 8
7 5.6 6.1 17 20 6.5 2.0 3.3 1.6 200 <0.1 <1 <1 9
8 5.4 5.6 8 22 8.3 1.8 3.8 1.7 385 <0.1 <1 <1 9
9 5.1 13.1 1.0 30 33.0 6.0 9.5 3.3 700 0.10 <1 2 16
10 5,5 8.5 24 2$ 16.0 2.7 8.4 3.1 435 <0.1 <1 <1 19
11 6.2 12.0 81 322 9.2 3.1 8.7 4.0 252 <0.1 <1 2 48
12 4.7 7.4 7 12 14.4 2.4 3.4 1.7 1740 <0.1 <1 3 2
13
14 6.1 72.3 560 810 77.6 209 25.5 19.7 27 <0.1 <1 3 12
15 6.3 17.9 640 710 14.5 18.4 11.1 6.3 39 <0.1 <1 8 79
16 5.6 5.3 22 24 5.0 4.7 2.4 1.4 305 <0.1 <1 <1 6
17 5.9 7.9 37 40 5.2 5.4 5.8 1.5 14 <0.1 <1 <1 5
1$ 5.3 7.4 17 45 17.5 2.5 5.4 1.7 1650 <0.1 <1 <1 14
19 5.9 8.5 28 30 14.6 3.1 6.5 1.5 575 <0.1 <1 <1 10
20 5.5 8.9 21 31 50.8 3.9 9.5 2.6 775 <0.1 <1 3 13
21 5.4 14.2 36 38 10.4 29.2 6.5 1.6 465 <0.1 <1 <1 9
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702 tg 1—1). These differences in concentration are
partly due to the fact that the nitrogen and sulphur
derived from deposition become concentrated in
the upper surface of the soil during the summer
owing to evaporation and capillary action. The
autumn ram causes the material to migrate
downwards into the groundwater. The elements
and aluminium occur in different proportions in
the groundwater than those in deposition. The
seasonal cycle of dissolved material is Iess than that
of deposition-derived material.
There is usually a time lag between the
variations in the amount and quality of ground
water, which varies iii different aquifers according
to the climatic conditions prevailing at different
times of the year. lii addition, the stratification,
mixing and discharge of the groundwater affect the
temporal variation in groundwater quality.
4.3 Percolation water quality
Six percolation water sampies were collected
during snowmelt in spring 1987 and 1989, and
three during the rainy period in the autumn 1987
and 1988. The chemical composition the
sampies is presented in Table 9. In the sprmg, the
pH of the soil water varied from 5.4 to 6.4, and the
alkalinity <0.02—0.03 mmol 1. Despite the iow
alkalinity, the pH of the percolation water is
relatively high. The total nitrogen content was
1000—1300 g 1—1 and the sulphate concentration
18—29 mg 11. During the rainy period in autumn
the pH of the percolation water was 4.6 and 5.2
and the alkalinity < 0.002 mmol 1.
4.4 Areal acidity and susceptibility of
wellwater to acidification
Groundwater quality is determined by the geo
hydrological conditions prevaffing in the area
where it is formed and hence the composition of
the groundwater usually also reflects the mineral
composition of the soil and bedrock in the area.
Acidic meltwater and rainwater effectively dissolve
out those materiais in the soil which slowly change
the mass balance of the groundwater. The
reactions can be either acidifying or neutrifying.
Acidification is considered to begin when the base
cations on the exchange sites of the soil particles
are replaced by hydrogen ions.
Groundwater acidification follows a number of
different stages. During the first stage small
amounts of ions such as calcium, magnesium and
sulphate are leached out into the groundwater. At
this time there are stiil large amounts of basic
buffering material present and the pH remains
stable or may even increase. A slight increase of
this sort thus often indicates the onset of
acidification. In the second stage the amount of
available buffering material decreases and acid
ification increases. lii the thfrd stage the buffering
capacity has disappeared completely (alkanity = 0)
and the pH has fallen below 5. Dissolution of
aluminium increases sharply at this stage.
Groundwater becomes acidified over different
time lags than surface water. The base-acid
equilibrium remains constant in the groundwater
as long as there is sufficient buffering material
remaining to replace protons.
Under Finnish conditions, weathering of
silicaceous minerais is the main mechanism regu
lating the acidity of groundwater. Aluminium is
Table 9. Percolation water analysis resuks in the area of the Sannäs aquifer.
Sampling Pipe PH Y25 Mk. Al N0 P0 Fe S04 Cadate
mSm1 mmol 1—1 zg 1—’ mg
030587 1 6.4 9.4 0.03 — 1300 18 100 18 —
150587 1 6.2 9.8 <0.02 — 1000 13 170 20 —
270587 1 6.4 9.8 <0.02 — — 10 86 22 —
210887 1 4.6 15.0 <0.02 4900 — 240 29 —
210887 2 5.2 8.2 <0.02 2800 — 570 1$ —
200988 1 5.4 10.0 0.03 4400 180 $60 15 —
170489 1 5.9 20.0 0.09 340 12000 — 150 — 5.7
2 5.4 8.4 0.01 800 4200 — 330 — 5.5
3 5.5 12.0 0.01 1060 5900 — 760 — 7.0
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also liberated in conjunction with this weathering,
and is also one of the most common elements in
the soil. Groundwater in Finland is highly
susceptible to acidification for the following
reasons:
— Precambrian bedrock consists primarily of
acidic minerais whose rate of weathering is low.
— Quaternary soil types are coarse-grained and
are highly permeable to acidic rainwater and
meltwater.
— the hydrological turnover rate of shallow
groundwater is short and hence the dissolution
rate on minerais is low.
A regional survey of wellwater was carried out in
summer 1987 in order to determine the acid
ification of wellwater (Nannus, 1987). 99 wefls
were systematically studied in connection with the
survey. The following analyses were made on the
sampies: water temperature, pH, electrical conduc
tivity and alkalinity.
According to the survey, the pH of wellwater in
Porvoo rural municipality ranged between 4.84—
7.77 (Md 6.20), and the alkalinity between 0—1.46
mmol 11 (Md 0.28 mmol 11). These values
correspond approximately to the mean values for
natural waters. The pH and alkalinity of the
wellwater were clearly higher than the corresponding
values for spring water (Fig. 12).
6.6 6.8 5.2 5,6 6.0 6% 6.6 7.2 7’
pH
‘0
5) 100
0 1 2 3 4 5 6 7 8 9m10
W5)[L depth
Fig. 13. Effect of wellwater depth on the pH and
alkalinity of the wellwater in different types of soi! in the
Porvoo area.
The ionic balance of groundwater is decisively
affected by the type of soil in the area where the
groundwater is formed. Fine-textured soils (clay
and siit) contain considerable amounts of base ca
tions which a!so easily dissolve in the soilwater
and groundwater. for this reason, the pH of the
groundwater in clay areas is always higher than that
in sand and gravel areas,
The acidity of wellwater is also reduced by the
cement rings used in construction of the wells.
Calcium and magnesium dissolve from the cement
in varying amounts depending on the age of the
rings. The depth of the water !eve! in the well a!so
has a significant effect on water acidity. The lower
the groundwater tahle, the longer the Iength of the
hydrological cycle and the more base cations
leached out from the soi1. For this reason, bedrock
groundwater is usually basic (pH> 7).
The relationships between the pH, alkalinity of
the wel!water, the soi1 type in the region, the age
and depth of the well were re-evaluated on the
basis of the material from the study on wellwater
quality in Porvoo rural municipality. The material
was analysed by soi1 type, the wells being divided in
0 0,2 0.6 0.6 0.8
Alkolinity
1,0 1,2 mmclV’ 1.6
fig. 12. The cumu!ative distributions of pH and
alkalinity of springwater and we!!water in the Porvoo
area.
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fig. 14. Effect of welI age on the pH and alkahnity of the
wellwater in different types of soil in the Porvoo area.
Figs. 13 and 14. In addition to the different
properties of the soil, factors such as the
construction of the well and its surrounding area
produced considerabie variation between the statis
ticai dependences. Evaluation of the effect of soil
type is, iii this respect, defective because it
concentrates on the immediate surroundings of the
weil, and not the whole aquifer. The effect of weIl
age and depth on the pH and aikalinity of the
wellwater was clearest in sorted sandy areas where
water permeability is good. Dissolution of the
cement rings in wells over 10 years old is no longer
of any importance for acidification in the ground
water of sandy areas. Erosion of the rings is clearly
slower and less pronounced in clay areas compared
to sandy areas, and hence the effects of dissolution
of the rings on the pH baIance are ionger-Iasting in
clay areas. The depth of the water level in the wells
was clearly correlated with water pH on ali types
of soi1. The deeper the groundwater deposit, the
lower is its acidity. Roughly estimated, a change in
the groundwater table depth of two meters can
cause a change in water acidity of about 0.2—0.3
pH-units.
5 EFFECT OF DEPOSITION ON
GROUNDWATER
5.1 Jon balance comparisons and con
centration distributions
The correlations between the different jon concen
tratios and their causal effects on acidity were
estimated using the jon balance analyses for
Porvoo. Comparison of the correlation between
the sum of cations Z fCa2+ + Mg2+ + Na+ + K +
H + NH4 + Ai3+) and the sum of anions
(S042— + C1 + HCOf + NO3—) iii groundwater
shows that there is considerable variation in the
jon ratios and ionic baiance in the area. The
proportion of cations (cationslions X 100) was on
the average 51 % greater than that of anions fFig.
15). The imbalance between cations and anions
couid have resulted from the exclusion of F and
organic anions.
The jon concentrations in the large aquifers
(waterworks’ areas) were ciearly greater than those
in the shailow aquifers (rural areas). The jon
concentrations in undisturbed, natural till and ciay
areas were generally greater than those in sand or
gravel areas.
The replacement of hydrogen ions by other
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fig. 15. Dependence between the sum of cations and
anions in wellwater in the Porvoo area.
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cations was investigated on the basis of the ratio of
equivalent concentrations (Fig. 16). The sum of
equivalent concentrations of calcium and mag
nesium was high in those areas where the
proportion of hydrogen ions was small. This
indicates that in certain areas the soil is well able to
neutralize acidic deposition through cation ex
change. Clear effects of acidification were apparent
at certain points, where the hydrogen ion concen
tration was exceptionally high in proportion to the
calcium and magnesium concentrations, In these
areas the acid load exceeds the production of
alkalinity. Low groundwater alkalinity is a sign
that the buffering capacity of the area is almost
exhausted.
The exchangeable cations in the soi1 are
positively charged metal ions which are bound to
negatively charged soi1 particles or organic ma
terial. The magnitude of cation exchange depicts
the ability of the soil to neutralize acidic
deposition. The factor having the greatest effect on
the intensity of buffering capacity is the cation
exchange capacity, which in turn is dependent on
the amount of organic matter and inorganic
particles in the soi1 and the base saturation which is
the proportion of base cations (in %) out of the
cation exchange capacity.
The cumulative distribution of the most import
ant elements relating to acidification in the 1986
snow and groundwater sampies are examined in the
following. The pH, alkalinity, sulphate, nitrate,
calcium, magnesium and aluminium concentration
distributions are compared in Fig. 17. The mean
leveYs for the Porvoo area and for Finland are also
indicated on the figure.
The effect of strong mineral acids (H2S04,
HNO3) on the weathering of calcium and mag
nesium can be examined as the dependence
between the equivalence concentrations (Fig. 18).
If the calcium and magnesium in the groundwater
are primarily derived from weathering caused by
the strong acids in precipitation, then the
interaction will be good. Weathering attributed to
bicarbonate has been eliminated (Harvey et al.
1981). Analysis of the occurrence of (S042+) and(Ca+ + Mg2+ —HC03) in the groundwater
supports the hypothesis that the Ca2+ and Mg2+
concentrations in the Porvoo area groundwater are
due more to sulphate derived from precipitation
than weathering caused by bicarbonate. This
correlation in the wateiworks’ sampies was extremely
high, due to seasonal variation in the sulphate
concentrations as explained earlier in the text.
Regression equations were calculated for the spring
and winter groundwater sampies:
Wmr(S042)0.852(Ca2++Mg2+—HCOj)+217.M
R2=085
Spdng (S042j =0.149 (Ca2++Mg— HC03)+38.15
R2=097
0 500 1000 1500,ueq112000
CG2O ÷Mg2-HC0
Fig. 18. The dependence of equivalence values for
sulphate and (Ca2 + Mg2 — alkalinity) in the ground
water in the Porvoo area.
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Fig. 16. Relationship between hydrogen jon concen
tration and the sum of calcium and magnesium
concentration in the Porvoo area.
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fig. 17. The cumulative % distributions for pH, alkalinity, sulphate, nitrate, calcium, magnesium and aluminium in the
snow and groundwater in the Porvoo area.
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5.2 Alkanity and acidity of
groundwater
Alkanity indicates the acid neutralization capacity
of water, which in the case of groundwater consists
almost entirely of the bicarbonate concentration
(HCOf). In calcareous soils, carbonate ions
(C032) increase the alkanity of the groundwater.
The combination of calcium and magnesium ions
have the greatest effect on the alkalinity of
groundwater (Fig. 19). Groundwater acidity in the
Porvoo area was clearly regulated by the alkalinity
(Fig. 20). The dependence varied somewhat from
1000 2000 /eqt1 3000
C2’ +Mg2
Fig. 19. The dependence of alkalinity on the calcium and
magnesium concentrations in the groundwater in the
Porvoo area.
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Fig. 20. Effect of alkalinity on groundwater acidity in the
Porvoo area.
point to point owing to the different soi!
structures and thickness of the organic layer. The
following regression equations were obtained for
groundwater acidity and alkalinity:
Spring 1986: pH = 1.468 Alk. + 5.176 R2 = 0.64
Winter 1987: pH = 1.340 Mk. + 5.272 R2 = 0.72
Calcium, magnesium and potassium cations are
effectively retained on negatively charged humus
material and clay particles. The major proportion
of these cations are exchanged with hydrogen ions.
The importance of cation exchange is relatively
smal! in coarsetextured, shaflow soils, which a!so
have a thin overlying organic layer. Under such
conditions the effects of acidification also become
more rapidly apparent in the groundwater.
Alkalinity in the groundwater was in many cases
extremely low or completely absent in the areas
surrounding Porvoo. This shows that the buffering
capacity in the area is exhausted. In contrast, the
alka!inity level in the large aquifers (water extrac
tions points) is sufficient for the present. The best
“buffering status” was in Linnanmäki and the
worst in the Sannäs aquifier,
5.3 Mobilization of metais
Soi1 acidification also brings about the dissolution
of metais in the groundwater. Acidic percolation
water dissolves heavy metais (e.g. Cd, Mn, Zn, Pb)
and aluminium from the soi!. The dissolution of
aluminium increases significantly at low pH leve!s
(<5.5).
Aluminium is one of the most common elements
in the soil. The reactions of aluminium play a
centrat role in acidification. Aluminium is weak!y
solub!e in neutral or s!ightly acidic soi! but,
fo!lowing a decrease in pH due, for instance, to
acidic deposition or the weak acids in humus
material, its solubility increases steeply. The
solubi!ity of aluminium silicates under acidic
conditions (pH 3.2—6.0) is affected by the amount
of hydrogen ions in the solution, the concentration
of organic acids and ability to form complexes, and
the properties of the clay minerais (Hoider &
Speyer, 1985). The weathering products of feldspar
inc!ude kaolinite which commonly occurs primarily
in the enrichment horizon of podzo!ic soils.
According to Veibel (1985), Ca-Na-high plagioclase
is weathered under acidic conditions first into
kaolinite (A12Si2O5(OH)4) and subsequendy into
A!3+ cations according to the following reactions
(Reuss, 1976):
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A12Si2O5(OH)4 + 6 H 2 M3 + 2 Si (OH)4 + H20
M(OH)3 + H A1(OH) + H20
Al(OH)j + H A1(OH)2+ + H20
A1(OH)2+ + H Al3 + H20
These reactions presuppose that there are sufficient
free hydrogen ions in the soil solution, and that the
carbonate content is low.
The aluminium concentration iii the ground
water in the Porvoo area clearly increased as the
pH dropped <5—5.5 (Fig. 21). The highest Al
concentration detected was 1800 ug 1. This value
can be considered to be extremely high for natural
waters, and corresponds to the leveis in southern
Sweden where the most acidic groundwater occurs
fLång et al., 1926). The aluminium concentration
distribution was extremely large, ranging from
13—1800 j.g 1—1 (31 464 11). The mean Al
concentration in shallow aquifers in Finland is 215
g 11, and the median 50 jtg (Soveri, 1985).
We do not yet have enough information about
the harmful effects of aluminium on health and
hence it is not possible to set a hygienic limit value
for drinking water. According to some estimates
the reactive free aluminium (A13+) which is
liberated as a result of acidification poses a long
term threat to health. It has been shown to be
extremely toxic to aquatic organisms and plants.
&5 5.0 5.5 6.0 6.5 pH 70
Fig. 21. Effect of acidity on the aluminium concentration
of the groundwater in the Porvoo area.
6 CONCLUSIONS
The aim of this study was to estimate the effects of
the atmospheric deposition of poflutants on
groundwater acidification in the Porvoo area. The
local deposition leveis and acid load were estimated
on the basis of snow analyses. The chemical
composition of the snow layer depicts the primary
situation from which the ion ratios in groundwater
are formed in the spring.
Groundwater sampies were taken from natural
springs and untreated water from waterworks. The
water sampies represented small aquifers in rural
areas and large aquifers in urban areas. The
interdependence between the different components
in groundwater and the causal effects of acid
ification were estimated.
The differences in snow pH were large in the
area (pH 3.7—7.0) depending on local emissions
and the effects of other anthropogenic activities
such as traffic and the liming of fields. Deposition
of sulphur and nitrogen compounds and hydrogen
ions had the greatest effect on acidification of the
environment. The sulphur and nitrogen load in the
Porvoo area was more than double the mean for
Finland. The deposition results were computer
generated as three-dimensional plots.
Groundwater quality varied considerably de
pending on the type of soil in which the aquifer
was situated. Iii general, the groundwater was
extremely acidic especially in rural areas and in
places contained considerable amounts of sulphur
and nitrogen compounds. Groundwater in gravel
and sand areas contained, on the average, more
sulphate and nitrogenous compounds than the
groundwater in till areas. The acidification of
groundwater was also estimated with the aid of
water alkalinity and aluminium concentration. The
alkalinity of groundwater in rural areas was
extremely low and in places even zero. The
buffering capacity was almost completely ex
hausted, since the acid load exceeds the formation
of alkalinity. The aluminium concentrations in
spring water in the most acidic areas were
exceptionally high. In contrast, the buffering
capacity of the groundwater in the aquifers of the
waterworks were stiil sufficient to counteract the
acid load. The aluminium concentrations were also
similar to the normal level of natural waters.
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YHTEENVETO
Tutkimuksen tarkoituksena oli arvioida laskeuman
vaikutusta pohjaveden happamoitumiseen Porvoon
ympäristöalueilla. Alueelliset laskeumatasot ja hap
pokuormitus arvioitiin lumitutkimusten avulla.
Lumikerroksen ainepitoisuudet kuvaavat sitä pri
määritilannetta, josta pohjaveden ainesuhteet ke
väällä muodostuvat.
Pohjavesinäytteet otettiin luonnoniähteistä sekä
vesilaitosten raakavedestä. Vesinäytteet edustivat
haja-asutusalueiden pieniä pohjavesiesiintymiä. Pohjavesianalyysien avulla arvioitiin eri ainepitoisuuk
sien keskinäistä vuorovaikutusta sekä syy-yhteyttä
happamoitumiseen.
Lumen happamuuserot olivat alueella suuria
(pH 3,7—7,0) riippuen paikallisista päästöistä ja
muista ihmistoiminnan vaikutuksista kuten liiken
teestä ja peltoalueiden kalkituksesta. Ympäristön
happamoitumiseen vaikuttavat eniten rikki-, typpi-ja vety-yhdisteiden laskeumat. Rikki- ja typpiyh
disteiden kuormitus Porvoon seudulla oli yli kaksi
kertaa suurempi kuin keskimäärin Suomessa. Las
keumatulokset tulostettiin tietokoneella kolmi
ulotteisena pintakuvalaskelmana.
Pohjaveden laatu vaihteli paljon riippuen siitä,
minkälaisessa maaperässä esiintymä sijaitsee. Ylei
sesti tarkasteltuna alueen pohjavedet olivat erittäin
happamia erityisesti haja-asutusalueilla ja sisäls ivät
paikoin runsaasti rikki- ja typpiyhdisteitä. Sora- ja
hiekka-alueiden pohjavedet sisälsivät keskimaann
enemmän sulfaatteja ja typen yhdisteitä kuin mo
reenialueiden pohjavedet.
Pohjaveden happamoitumisvaikutuksia arvioitiin
myös veden alkaliniteetin ja alumiinipitoisuuden
avulla. Haja-asutusalueilla pohjaveden alkaliniteetti
on erittäin pieni ja paikoin jopa 0. Alueiden pusku
rikapasiteetti on käytännöllisesti katsoen käytetty
loppuun, jolloin happokuorma ylittää alkaliniteetin
muodostumisen.
Happamilla alueilla lähdevesien alumiinipitoi
suudet olivat useissa tapauksissa poikkeavan kor
keita. Sen sijaan vesilaitosalueiden pohjavedessä
puskurikyky oli vielä riittävä torjumaan happo
kuormitusta. Myös alumiinipitoisuudet olivat siellä
luonnonvesien normaalia tasoa.
REFERENCES
Hannus, 1. 1987. Kaivoveden happamuus Porvoon maa
laiskunnassa. Ympäristönsuojelulautakunta tiedottaa
20/87,
Harvey, H.H., Pierce, R.C., Dillon, P.J., Kramer, J.P. &
Wherpdale, D.M, 1981. Acidification in the Canadian
aquatic environment. Ontario, Nat. Res. Council
Canada Report, No 18475.
Hoider, G.R., Jr. & Spayer, D.M. 1985. Reaction rate
surface area relationshipi during the early stages of
weathering — 1. Initial observations. Geochim. et
Cosmochim. Acta, Vol 49.
Johannesen, M. & Henriksen, A. 1978. Chemistry of
snow meltwater; changes jo concentration during
melting. The American Geophysical Union. Water
Resources Research, Vol. 14, No. 4.
Lång, L.O., Swedberg, S. & Jonasson, S.A. 1985. Alumin
ium in private wells in western Sweden. Int. Conf. on
Acid Precipitation. Uppsala.
Reuss, J.O. 1976. Chemical and biological relationships
relevant to the effect of acid rainfail on the soil-plant
system. Int. Symp. Acid Precipitation and the Forest
Ecosystem. USDA, Columbus, OH.
Soverj, J. 1985. Influence of meltwater on the amount
and composition of groundwater in quaternary de
posits in Finland. Publications of the Watet Research
Institute, No. 63. Helsinki.
Velbel, M.A. 1985. Geochemical mass balances and
weathering rates in forested watersheds of the south
ero Blue Ridge. Am. J. Sci., Vol 285.
29
EFFECT Of ACIDIC DEPOSITION ON THE SOIL
AND GROUNDWATER IN THE PORVOO AREA
AND IN A NUMBER OF BACKGROUND AREAS
Jouko Soveri
Soveri, J. 1991. Effect of acidic deposition on the soi1 and groundwater in the
Porvoo area and in a number of background areas. Publications of the Water
and Environment Research Institute, National Board of Waters and the
Environment, Finland. No. 8.
The effects of acidic deposition on the soil and groundwater in the Porvoo
area, and in a number of background areas in southern Finland with similar
geologic and climatic conditions but smaller hydrogen jon load, were
investigated in this study. The aim of the study was also to estimate the
contribuuon paid by the Sköldvik industrial complex to soi! and groundwater
acidffication in the Porvoo area, and to develop a method based on jon
balance analysis for estimating the contribution of local emission sources.
Index words: Acidic deposition, soi!, groundwater
1 INTRODUCTION
Acidification of the surface soil layer commenced
in Finland 9 000—10 000 years ago after the
glaciers had melted and the marine stage that
followed the ice age was over. A vegetation cover
developed and, owing to incomplete decomposi
tion of the litter, natural acidification gradually
resulted in the development of podzolic profiles in
the uppermost Iayers of the soi1. During this
process silicon, iron and aluminium are released
from the uppermost mineral soil layer as a resuit of
weathering by the organic acids produced in the
humus layer. These compounds are carried down
by percolation water and accumulate in the
underlying mineral soil.
For thousands of years podsolization of the
surface soil has been taking place at a vety slow
rate. During the past few decades, however,
external factors have begun to upset this state of
equilibrium. Acidic deposition has brought about
an increase in the hydrogen ion concentration and
amount of nitrogenous and sulphurous compounds
in the soil, resulting in an increase in acidifying
factors compared to neutralizing factors. The
amounts of hydrogen ions and aluminium on the
cation exchange sites have increased at the expense
of the so-called base cations, which has also
resulted in the dissolution of aluminium into the
soil water from colloid and organic complexes (e.g.
Backe 1986, Räisänen 1989).
The mobilization of aluminium in the soi1 is of
central importance in the acidification of
groundwater and the waterways. The higher the
hydrogen ion concentration of the groundwater,
the higher is the aluminium concentration (Soveri
198$). Groundwater nmoff affects in many ways
the acidity of the waterways, but it can usually be
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neutralized. In cases where the groundwater is
acidic (pH < 5.5), considerable amounts of alumin
ium (500—2000 g 1—1) may he leached from the
catchment area into the groundwater. This, after
passing into the waterways, becomes consider
ably diluted to e.g. the mean level for Finland of
Altab 1—62 g l— and Alreact 10—190 g 1—1
(Mannio 1989). An increase in aluminium concen
trations in the waterways may well be harmful
because it is toxic to fish and other organisms
aiready at low leveis (Driscoll 1985).
When estimating the effects of acidification in
the environment, special attention should he paid
to the mechanisms involved in the transport of
aluminium in the soil/groundwater system. It is
also important to know how the different climatic
conditions and soi1 factors affect the areal and
temporal dissolution and leaching of aluminium
and heavy metais (Cu, Pb, Cd and Hg).
2 AREAL REPRESENTABILITY
The development of acidification in the Porvoo
area (A) was compared to that in the background
areas of Pernaja (B), Greater Helsinki (C) and
?erniö (D). The study areas were selected from
along the southern coast of Finland to represent as
similar as possible geologic and climatic conditions
(Fig. 1).
The predominant soi1 type in the study areas is
glacial till, although stratffied soil types, such as
ciay outcrops and exposed bedrock do occur rather
frequently. The soil layers protecting the ground
water in the till areas are thin. The groundwater in
sand and gravel areas is located at a much greater
depth.
The bedrock in the areas is primarily granite,
where as the bedrock at Emsalö and Vessolandet in
the Porvoo area is predominantly Viborgite. The
granitic bedrock in the Greater Helsinki area also
contains quartz, feldspar and gneiss (Simonen
1980).
Formation of groundwater primarily takes place
in areas with stratified soils and till soils. For this
reason the investigation of the soil and groundwater
concentrated in areas with soils of these types. The
springwater sampies represent, almost without
exception, till areas and rural water supply, while
the raw water sampies from municipal waterworks,
represent sand and gravel areas and urban water
supply.
2.1 Methods and material
It is important to know the areal air pollutant
deposition level when estimating the effects of
acidic deposition on the environment. Deposition
was estimated on the basis of snow analyses, and
hence represents winter. The deposition values
were calculated on the basis of the water content of
the snow, the ionic composition of the snow and
the deposition time series (Soveri 1985). The
results are expressed as monthly deposition values
(mg m2). The pH, electrical conductivity (mSm1),
vanadium (V), nitrate (N03—N), ammonium
(NH4—N), total nitrogen (N0), potassium per
manganate consumption (KMnO4), calcium (Ca),
magnesium (Mg) and alkalinity were determined
from the snow sampies.
Development of acidification in the environment
is determined by the capacity of the soil to
neutralize acidic deposition. From the point of
A Porvoo
B Pernojo
C HeLsinki
D Perniö
Fig. 1. Location of the Porvoo area (A), and the Pernaja(B), Helsinki (C) and Perniö (D) comparison areas,
view of groundwater acidification, it is thus
important to know the geohydrological and
mineraiogicai conditions in the area where the
groundwater is formed. The development of
acidification in the soil and its buffering capacity
were examined on the basis of profile sampies
taken from three depths. The mean particle size
was determined for each soi1 profile by sieving,
followed by areometrical measurement. The mean
water permeability, organic matter content and
bulk density down the profiles were also deter
mined.
The following chemical determinations were
made on the soi! sampies: pH, acid neutralizing
capacity (ANC), effective cation exchange capacity
(CECeffect), aluminium (Al), calcium (Ca), mag
nesium (Mg), sodium (Na), potassium (K), base
saturation (BAeffect), equivalent content (EQC)
and base cation content (BCC). pH was deter
mined from a 0.O1M CaCl2 suspension (Ryti 1965).
The soil was added to the salt solution (soil:
solution = 1:2.5), mixed, and the pH determined
the following day after first remixing. For the acid
neutralization capacity determinations, the soil
samples were titrated with an HCY so!ution whose
ionic strength was equiiibrated to 0.1 with KC1
(Hartikainen 1986). The acid neutralization capac
ity was determined fron the resuhing titration
curves using reference pH values of 3.8 and 3.0.
The resuit was expressed as the amount of acid
(meq kg—3) required to reach the pH values in
question. pH values of 3.8 and 3.0 were selected
for the fo!iowing reasons. According to U!rich
(1981), pH 3.8 is the upper !imit of the iron
buffering region below which the disso!ution of
iron involves a reaction consuming hydrogen ions.
According to Sösser (1987), ali the aluminium is in
soluble form at the reference pH value of 3.0.
Exchangeabie cations were determined by extrac
tion with an unbuffered salt solution in which
cation exchange takes place at the pH of the soii
sample. 5 g of soi! were extracted four times with
25 ml of 1M NH4C1. Calcium and magnesium were
determined from the combined extracts by atomic
absorption spectrophotometry, and potassium and
sodium by fiame photometry. Aluminium was
determined colorimetrica!ly by the Aiuminon
method (Yaun and fiskel! 1959). The effective
cation exchange capacity was determined as the
sum of the equivaient values of exchangeable
cations. Effective base saturation was ca!culated as
the proportion of base cations (Ca, Mg, K, Na) out
of the effective cation exchange capacity.
The groundwater samp!es were taken from
natural flowing springs or from the intakes
(without concrete rings) of waterworks. pH,
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e!ectrical conductivity, alkalinity, armnonium, ni
trate, total nitrogen, chloride, suiphate, calcium,
magnesium, manganese, iron and aluminium were
anaiysed on the water sampies. The degree of
acidification of the groundwater and its relation
ship to the deposition level and the buffering
capacity of the soil were estimated using the jon
ratios.
The snow, soi1 and groundwater sampling points
are shown in Figures 2 and 3, and the number of
samples per study area in Table 1. The figures
given in parentheses indicate the number of soi1
profiles studied and the number of groundwater
monitoring points.
Table 1. The number of snow, soii and groundwater
sampies taken in the different study areas.
Study Snow Soi! Groundwater
area n n n
Porvoo 10 27 (9) 22 (17)
Pemaja 4 9 (3) 10 (10)
Helsinki 10 9 (3) 10
Perniö 3 8 (3) 13 (13)
Total 27 53 (18) 55
Fig. 2. The snow, soil and groundwater sampling points
in the Porvoo area.
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3 WINTER DEPOSITION
3.1 The Porvoo area
A permanent snow cover had developed in the
Porvoo area by 11,11.1987. Owing to the excep
tional snow conditions during the winter of 1988,
the oider snow which had fallen prior to 19.1.1988
was removed from the snow profile sampies
because most of it had in fact melted away. It is
important to ensure that snowmelt has not
occurred when attempting to obtain representative
snow sampies because a considerable portion of the
material that accumulates in the snow leaches away
in the initial stages of snowmelt (Johannesen and
Henriksen 1978). The snow cover should also
represent the mean snow conditions, i.e. no
windblown patches or snow drifts present on the
sampling area. The authenticity of the snow cover
was verified on site by measuring the depth of the
snow cover or by determining its water content by
weighing. Snow sampling took place on 27.3.1988,
and the mean water equivalent of the snow for the
whole winter was, at the sampling instant, 120 mm.
The mean water equivalent of the snow correspond
ing to a 69-day deposition period (19.1.—
27.3.1988) used in this study was 85 mm.
The prevailing wind direction during the study
period was from the southeast and south (Fig. 4),
accounting for 65 % of the wind distribution for
the whole area. The corresponding proportion of
northerly winds was relatively low 7 % (Ilmatieteen
laitos 1988).
The ionic composition of the snow is shown in
Table 2. The winter deposition values were
calculated on the basis of the water equivalent of
the snow and the data for the deposition period are
presented in Table 3.
Snow ® Soi[ A—C Groundwatec 1-10
Fig. 3. The snow, soil and groundwater sampling points in the Pemaja, Greater Helsinki and Perniö comparison areas.
N
NW NE
2
5
fig. 4. The prevailing wind directions in the Porvoo and
Pernaja areas during 11.11.1987—27.3.1988.
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Table 2. Chemical composition of the saow iii the
Porvoo area in winter 1988.
Sample pH y Mk. N03—N NH4—N N0 V S04 Ca Mg KMnO4
mSm1 mmol 1—’ g 1—1 mg 1—1
1 5.0 2.9 0.01 743 667 3367 1.4 3.3 0.59 0.11 10
2 5.1 3.0 0.01 948 737 2010 2.5 4.6 0.63 0.10 8
3 4.9 3.1 0.02 $68 550 1485 1.6 3.9 0.75 0.11 13
4 4.6 3.4 <0.001 $15 676 2762 2.3 5.6 0.70 0.13 13
5 4.9 3.0 0.03 901 903 2420 3.8 4.5 0.81 0.16 17
6 4.5 3.8 <0.001 960 768 1730 1.2 4.6 0.48 0.11 12
7 5.0 2.2 0.03 660 530 1190 2.5 3.1 0.38 0.21 10
8 6.6 2.8 0.02 821 641 1960 7.1 6.2 0.54 0.11 7
9 4.6 3.7 0.006 875 652 2002 5.6 3.9 0.69 0.18 12
10 5.0 2.9 0.02 824 654 1759 8.4 3.9 0.53 0.13 7
5.0 3.1 0.02 842 678 2069 4.0 4.4 0.61 0.14 12
min 4.5 2.2 <0.101 660 530 1190 1.2 3.1 0.38 0.10 7
max 6.6 3.8 0.03 960 903 3367 8.4 6.2 0.81 0.21 17
Table 3. Monthly deposition leveis during winter 1988 in Porvoo area.
Sample NO3 NH4 N0 V S04 Ca Mg KMnO4
mgm2
1 27.5 24.7 125 0.05 122 21.8 4.1 370
2 35.1 27.3 74 0.09 170 23.3 3.7 296
3 32.1 20.4 55 0.06 144 27.8 4.1 481
4 30.2 25.0 102 0.09 207 25.9 4.8 481
5 33.3 33.4 90 0.14 167 30.0 5.9 629
6 35.5 28.4 64 0.04 170 17.8 4.1 444
7 24.4 19.6 44 0.09 115 14.1 7.8 370
8 30.4 23.7 73 0.26 229 20.0 4.1 259
9 32.4 24.1 74 0.21 144 25.5 6.7 444
10 30.5 24.2 65 0.31 144 19.6 4.8 259
31.2 25.1 77 0.15 162 22.6 5.2 444
min 24.4 19.6 44 0.04 115 14.1 3.7 259
max 35.5 33.4 125 0.31 229 30.0 7.8 629
3.2 The Greater Helsinki area mean water equivalent of the snow corresponding
to a 71-day deposition period (19.1.—30.3.1988)
The rural municipalities of Vantaa, Tuusula and used iii this study, was 96 mm.
Espoo represent the background areas in the The prevailing wind direction during the study
Greater Helsinki area in this study. A permanent period was from the southeast and south, ac
snow cover had developed in the area by counting for 63 % of the wind distribution for the
11.11.1987. Owing to the exceptional snow whole area. The corresponding proportion of
conditions during winter 1988, the older snow northerly winds was relatively low 15 % (Fig. 5).
which had fallen prior to 19.1.1988 was removed The ionic composition of the snow in the area is
from the snow profile sampies. The mean water presented in Table 4, and the corresponding
equivalent of the snow for the whole winter was deposition values iii Table 5.
105 mm at the sampling instant on 30.3.1988. The
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Table 4. Chemical composition of the snow in the Greater Helsinki area in winter 198$.
Sample pH Y25 Mk. N03—N NH4—N N0 V S04 Ca Mg KMnO4
mSm1 mmol M g 1-’ mg 1—1
Vantaa
1 4.9 1.8 0.03 528 570 3366 2.7 1.6 0.36 0.16 14
2 5.0 1.6 0.00$ 330 337 1139 3.4 2.3 0.40 0.14 6
3 5.0 2.0 0.05 574 596 3680 5.1 2.6 0.50 0.25 14
4 5.7 1.2 0.04 235 466 1139 4.1 1.6 0.35 0,23 12
5 5.6 1.3 0.02 422 544 1047 2.5 1.6 0.40 0.14 7
5.2 1.6 0.03 418 503 2074 3.6 1.9 0.40 0.1$ 11
min 4.9 1.2 0.008 235 337 1047 2.5 1.6 0.35 0.14 6
max 5.7 2.0 0.04 574 596 3680 5.1 2.6 0.50 0.25 14
Tuusula
1 5.2 2.7 0.01 891 746 1403 3.8 4.0 0.78 0.20 8
2 4.9 1.9 0.02 510 520 1130 3.0 2.1 0.39 0,13 7
3 4.6 2.6 0.004 637 561 1535 3.6 2.7 0.40 0.11 10
4 5.1 1.7 0.02 528 483 1287 1.9 2.9 0.50 0.11 16
5 4.6 2.5 0.02 627 543 1246 1.6 3.8 0.40 0.0$ 6
i 4.9 2.3 0.02 639 571 1320 2.8 3.1 0.49 0.19 9
min 4.6 1.7 0.004 510 483 1130 1.6 2.1 0.39 0.08 6
max 5.2 2.7 0.02 $91 746 1535 3.8 4.0 0.78 0.20 16
Espoo
1 5.4 2.0 0.008 620 551 1634 6.7 3.5 0.66 0.94 9
2 4.6 2.9 0.02 723 633 1403 4.0 3.3 0.70 0.31 7
3 4.8 2.0 0.02 541 533 3267 2.5 3.8 0.26 0.14 10
4 4.6 3.1 0.008 769 700 255$ 3.4 3.3 0.51 0.25 $
5 4.5 3.6 <0.001 $58 859 2624 3.6 3.3 0.45 0.08 $
4.8 2.7 0.01 702 655 2297 4.0 4,4 0.52 0.34 8
min 4.5 2.0 <0.001 541 533 1403 2.5 3.3 0.26 0.0$ 7
max 5.4 3.6 0.02 858 859 2624 6.7 8.3 0.70 0.94 10
N 3.3 Pernaja
NW NE Snow samples were taken in the Pernaja area on
/ 20.3.1988. The water equivalent of the snow at the
, / sampling time was 120 mm, corresponding to a
\ / deposition period of 60 days. The wind conditions
\ ,7 were the same as those iii the Porvoo area (Fig. 4).
J The ionic composition of the snow in the area is
_______________
/ presented in Table 6, and the corresponding
E depositionvalues in Table 7.
Snow sampling took place on 5.3.1988. A perma
g nent snow cover had developed in the area by
11.11.1987, and the mean water value of the snow
fig. 5. The prevailing wind directions in the Helsinki area for the whole winter at the sampling instant was 50
during 19.2.—30.3.198$. mm. The mean water equivalent of the snow
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Table 5. MontMy deposition leveis during winter 1988 in the Greater Helsinki area.
Sample NO3 N}14 N0 V S04 Ca Mg KMnO4
mg m2
Vantaa
1 21.6 23.4 125 0.11 66 14.8 2.6 574
2 13.5 13.8 47 0.14 94 16.4 5.7 246
3 23.5 24.4 151 0.21 107 20.5 10.3 574
4 9.6 19.1 47 0.17 66 14.4 9.4 492
5 17.3 22.3 43 0.10 66 16.4 5.7 287
17.1 20.6 $5 0.15 78 16.4 7.4 451
min 9.6 13.8 43 0.10 66 14.4 2.6 246
max 23.5 24.4 151 0.21 107 20.5 10.3 574
Tuusula
1 36.5 30.6 5$ 0.16 164 32.0 8.2 328
2 20.9 21.3 46 0.13 86 16.0 5.3 287
3 26.1 23.0 63 0.15 111 16.4 4.5 410
4 22.5 19.8 53 0.0$ 119 20.5 4.5 656
5 26.7 22.3 51 0.07 156 16.4 3.3 246
26.2 23.4 54 0.11 127 20.1 5.3 369
niin 20.9 19.8 46 0.07 $6 16.0 3.3 246
max 36.5 30.6 63 0.16 164 32.0 8.2 656
Espoo
1 25.4 22.6 67 0.27 143 27.1 38.5 369
2 29.6 26.0 58 0.16 135 28.7 12.7 287
3 22.2 21.9 134 0.10 156 10.7 5.7 410
4 31.5 28.7 105 0.14 135 20.9 10.3 328
5 35.2 35.2 108 0.15 340 18.5 3.3 32$
28.8 26.9 94 0.16 180 21.3 13.9 328
min 22.2 21.9 5$ 0.10 135 10.7 3.3 287
max 35.2 35.2 134 0.27 340 28.7 38.5 410
Table 6. Chemical composiuon of the snow iii the Pernaja area in winter 198$.
Sample pH Y25 Alk. N03—N NH4—N N0 V S04 Ca Mg KMnO4
mSm1 mmol M ug 1 mg N
Pernaja
1 5.0 3.8 0.03 851 651 1767 0.7 4.2 0.91 0.14 8
2 5.1 2.7 0.02 878 525 1936 0.7 2.8 0.96 0.30 17
3 4.8 2.7 0.008 825 566 3448 1.4 3.6 0.49 0.11 10
4 5.2 3.7 0.004 975 652 1918 2.1 3.6 0.71 0.20 9
5.0 3.2 0.02 $82 599 2267 1.2 3.6 0.77 0.19 11
min 4.8 2.7 0.004 825 525 1767 0.7 2.8 0.49 0.11 8
max 5.2 3.8 0.02 975 652 3448 2.1 4.2 0.96 0.30 17
Table 7. Monthly deposition leveis during winter 1988 iii the Pemaja area.
Sample NO2 NN4 N0 V S04 Ca Mg KMnO4
mg m2
1 36.2 27.7 75 0.03 179 38.7 6.0 340
2 37.3 22.3 82 0.03 119 40.8 12.8 723
3 35.1 24.1 147 0.06 153 20.8 4.7 425
4 41.4 27.7 82 0.09 153 30.2 8.5 383
3 37.5 25.5 96 0.05 153 32.7 8.1 468
min 35.1 22.3 75 0.03 119 20.8 4.7 340
max 41.4 27.7 147 0.09 179 40.8 12.8 723
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corresponding to the deposition period (19.1.— N
5.3.1988) used in this study, was 45 mm. The
deposition period was 47 days long. NW NE
The prevailing wind direction during the study
period was from the southeast and south, ac
counting for 49 % of the wind distribution for the
whole area. The corresponding proportion of
northerlywinds was 12 % (fig. 6).
The ionic composition of the snow is presented w Ein Table 8, and the corresponding deposition
values in Table 9.
3.5 Comparison of the deposition leveis SW SE
The air pollutant deposition leveis in the study
areas differed from each other. The sulphate and . . . . .Fig. 6. Relative distribution of the wind direction rn themtrate loads m Porvoo and Pernaja were clearly the Pemiö during 19.1.—5.3.198$.highest. The deposition in Tuusula and Espoo (the
Greater Helsinki area) were fairly equal (Table 10).
Table 8. Chemical composinon of the snow in the Perniö area in winter 19$8.
Sample pH ‘y Mk. N03—N NH4—N N0 V S04 Ca Mg KMnO4
mSm1 mmol 1—1 g 1—1 mg l
1 4.6 2.2 0.01 460 420 1100 1.5 1.7 0.40 0.10 10
2 4.6 3.1 0.04 650 510 1700 0.8 2.7 0.67 0.20 12
4.6 2.7 0.03 555 465 1400 1.2 2.2 0.54 0.15 11
Table 9. Monthly deposition leveis during winter 1988 in the Pemiö area.
Sample NO3 NH4 N0 V S04 Ca Mg KMnO4
mg m2
1 13.3 12.2 31.9 0.04 49 11.6 2.9 290
2 18.9 14.8 49.3 0.02 78 19.4 5.8 348
i 16.1 13.5 40.6 0.03 64 15.7 4.4 319
Table 10. Comparison of the sulphate and nitrate deposition levels and snow pH in the different areas,
Study pH 504 mg m2 /month NO3 mg m2 /month
area min max min max min max
Porvoo 4.5 6.6 5.0 115 229 162 24 36 31
Vantaa 4.9 5.7 5.2 66 107 78 10 24 17
Tuusula 4.6 5.2 4.9 86 164 127 21 37 26
Espoo 4.5 5.4 4.8 135 156 135 22 35 29
Pemiö 4.6 4.6 4.6 49 78 64 13 19 16
Pernaja 4.8 5.0 5.2 119 173 153 35 41 38
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The deposition levels iii the Perniö comparison
area were correspondingly lower, even though the
pH of the snow was low (pH 4.6). Snow pH is
usually a poor indicator of the hydrogen ion load
since deposition may also contain considerable
amounts of basic material (limestone dust,
amrnonium ions) which can neutralize the acidity.
The most important ions relating to soi1 and
waterway acidffication are hydrogen, sulphate,
nitrate and ammonium. Sulphate is the most
important mineral acid anion in precipitation and
is not readily involved in reactions in the soi1. On
the other hand, nitrate and ammonium ions are
easily bound in biological processes in the soil. The
effects of acidic deposition are usually indicated by
sulphate and not hydrogen ions.
Background sulphate deposition values can vary
considerably at different times of the year
depending on the wind directi6n. The background
sulphate deposition values iii winter 1982 were
exceptionally large along the coastal region of
southern Finland. According to measurements
made by the National Board of Water and the
Environment (Fig. 7), the mean sulphate deposi
tion level of 112 mg m2, measured in 1988 in the
area of the Helsinki Water and Environment
District (4 observation sites), was about double the
corresponding level for 1987 (58 mg m2).
Southeasterly and southerly winds were clearly
predominant in winter 1988 (Figs. 4, 5 and 6).
4 SOIL
Physical, chemical and microbiological changes
continuously take place in the soil. Physical
properties, such as soil texture, bulk density and
porosity, determine the hydraulic conductivity of
the soil. The water permeability of the soil is
calculated, in turn, by the hydraulic conductivity.
This also significantly affects the chemical pro
cesses taking place in the soil, especially under
humid conditions where precipitation is greater
than the potential evaporation. In general, we can
say that the smaller the hydraulic conductivity, the
greater the solubility of material in the soil (Soveri
1985). For this reason it is extremely important to
ensure that the physical properties of the soil are,
similar in studies where the changes iii specific
processes and leaching of ions are compared in
different areas.
4.1 Texture and hydraulic conductivity
The mean texture, organic matter content, bulk
density and water permeability of the soi1 samples
are presented in Table 11. The soil types in the
studied area were till, sand and gravel. The coarse
texture of the soils in the different areas is well
illustrated by the fact that the sand content of ali
the different soil types varied from 50—100 %.
The bu& density varied between 2.60—2.66 t m3.
The hydraulic conductivity of the soil samples
was measured in the laboratory. In the experimen
tai setup the pressure was maintained constant
throughout the run, and the hydraulic conductivity
calculated using Equation (1).
K — AH (1)
K = hydraulic conductivity
Q the volume of water percolating through the
sample in unit time
h = height of the soil column
A = cross-sectional area of the soil colunm
H = pressure height
The hydraulic conductivity varied over the range
10—2.9•10—6.l ms1. The water permeability of the
soil samples was almost the same at ali sampling
points. However, the permeabiity in the till areas
differed somewhat from the other areas.
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fig. 7. Mean winter sulphate deposition in the province
of Uusimaa during 1976—1988.
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Table 11. Organic matter content, bulk density, particle size distribution, and water permeability of the soil sampies
taken in the different areas.
Sample Depth Humus Density Soil type Permeability
cm % t m3 clay siit sand gravel m s1
Porvoo
A 60 1.1 266 100 10—42
B 30—60 2.7 2.65 68 32 Q4.5
C 50—100 0.9 2.65 98 2 10—4.2
D 50—100 0.8 2.66 78 22
E 40—60 2.9 2.60 3 17 44 36
—
F 30—80 1.1 2.63 85 15 10—36
G 15—60 0.7 2.66 97 3 10
1-1 10—60 1.8 2.63 98 2 10—4.2
1 15—60 1.2 2.63 84 16 Q2.9
Pernaja
A 40—100 0.6 2.65 2 12 85 1 10
B 20—40 1.6 2.63 3 8 82 7 105.2
C 30—60 0.8 2.66 84 16
Perniö
A 50 3.1 2.61 67 33 10’
B 30—60 0.8 2.63 100 105
C 10—50 1.9 2.66 67 33
Tuusula
A 30—70 1.5 2.65 85 15 Q4.5
Espoo
A 40 0.9 2.66 2 30 50 18 10—61
Vantaa
A 40 2.1 2.63 95 5 10—4.1
4.2 Acidity
Soil acidification depends on the buffering charac
teristics of the mineral and organic material jo the
soi1, and on its microbiological activity. The most
important buffering reactions are cation exchange
and mineral weathering.
Soi! acidification can he estimated using a
number of different factors. Acidic deposition
increases the hydrogen ion concentration and the
amount of nitrogeneous and sulphurous com
pounds in the soil. The nitrogenous and sui
phurous compounds are effectively incorporated in
the biological nutrient cycling in the organic
surface layers. As acidification progresses, the
magnitude of acidifying factors increases with
respect to that of acid-buffering factors. An
example of an acidifying factor is ao increase in the
amount of hydrogen and aluminium ions on cation
exchange sites. An increase jo the amount of base
cations on cation exchange sites decreases the
acidity of the soi! material (Backe 1986, Räisänen
1989). The degree of acidification of the soi! layers
can be estimated on the basis of the cation
exchange capacity, base saturation, decrease jo acid
neutralization capacity and exchangeab!e acidic
cations (A13+, 1—1+). The base cations (Ca2+, Mg2+,
K+, Na+) can occur either free in the soi! solution
or bound through e!ectrostatic forces to the cation
exchange sites on the surface of the soi! particies.
In general, the acidity at the soil surface is
highest, and it decreases with increasing depth.
The change in pH down the soil profile in the
Porvoo and comparison areas is shown in Fig. 8.
The fact that the pH level of the soi! in the Porvoo
area is lower than that in the control area also
indicates that acidification has progressed to a
greater depth in the Porvoo area. The variation in
the pH values at the different observation points
was also rather large. The soi! pH and other
analytical results are presented in Table 12.
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Table 12. Chemical properties of the soil in the Porvoo and comparison areas.
Sample Depth pH Ca Mg Na K Bases Al Cations Bases ANC (me kg1)
cm mg 100 g’ me 100 g1 mg 100 g1 me 100 g1 Cations pH 3.8 pH 3.0
Porvoo x 200
A 10 4.09 3.333 0.516 2.856 3.200 0.414 14.100 1.982 0.209 20 62
30 4.4$ 1.429 0.200 2.096 2.600 0.245 8.700 1.212 0.252 44 130
60 4.44 2.222 0.216 2.284 2.000 0.281 6.980 1.057 0.266 34 104
B 10 3.82 16.091 2.33$ 2.66$ 8.728 1.335 29.400 4.604 0.290 6 50
30 4.02 11.407 1.444 2.476 7.000 0.976 20.900 3.300 0.296 1$ 82
60 4.23 8.593 0.924 3.048 6.600 0.805 14.100 2.373 0.339 38 120
C 20 4.15 10.318 2.038 2.096 10.180 1.035 9.000 2.036 0.50$ 18 68
50 4.36 3.889 1.518 4.192 7.400 0.691 6.900 1.458 0.474 26 74
100 4.70 17.164 3.180 2.856 4.400 1.355 2.600 1.644 0.824 14 40
D 20 4.04 18.544 2.413 3.084 4.000 1.358 12.600 2.759 0.492 12 44
50 4.49 12.149 1.816 2.096 4.200 0.955 4.860 1.495 0.639 18 44
100 4.72 11.111 1.667 2.096 3.800 0.881 2.300 1.137 0.775 20 44
E 20 3.54 14.253 1.482 2.856 5.400 1.095 22.60 3.608 0.303 0 28
40 4.14 8.000 0.649 2.096 4.200 0.652 27.70 3.732 0.175 40 160
60 4.32 7.556 0.407 2.476 3.400 0.604 14.8 2.250 0.268 54 166
F 15 3.64 9.207 0.738 2.66$ 3.400 0.722 19.60 2.901 0.249 4 32
30 4.60 2.362 0.222 2.096 3.000 0.304 5.360 0.900 0.33$ 42 120
80 4.75 2.362 0.253 2.476 3.000 0.323 3.560 0.719 0.449 60 108
G 15 4.6$ 1.587 0.178 3.04$ 7.600 0.420 3.120 0.767 0.54$ 34 $4
30 4.76 2.640 0.200 2.096 3.000 0.316 2.220 0.563 0.561 30 66
60 5.02 3.056 0.284 2.096 3.000 0.343 1.400 0.499 0.687 34 66
H 10 4.38 3.611 0.322 2.096 2.600 0.365 10.700 1.555 0.235 46 134
30 3.67 3.473 0.533 2.096 3.200 0.391 20.000 2.615 0.150 2 38
60 4.75 6.509 0.429 2.096 3.200 0.534 5.280 1.121 0.476 56 166
1 15 3.24 3.196 0.387 3.776 4.400 0.468 12.720 1.882 0.249 0 22
30 4.21 2.084 0.247 2.88$ 3.112 0.330 11.300 1.586 0.208 2$ 78
60 4.30 2.362 0.198 2.444 2.668 0.30$ 6.90 1.075 0.287 28 90
Pernaja
A 30 4.42 1.389 0.231 2.444 2.88$ 0.26$ 5.620 0.893 0.300 28 86
40 4.56 1.529 0.247 2.444 2.88$ 0.276 2.880 0.596 0.463 30 $0
100 4.97 2.640 0.411 2.668 2.88$ 0.356 0.920 0.458 0.777 36 76
B 10 3.76 5.398 0.831 2.668 4.400 0.566 24.1 3.246 0.174 $ 50
20 4.21 2.084 0.353 3.776 3.332 0.382 11.800 1.703 0.224 28 78
40 4.44 2.640 0.633 3.556 4.200 0.446 7.900 1.324 0.337 46 118
C 15 4.52 1.667 0.247 3.332 3.112 0.328 5.400 0.92$ 0.353 54 180
30 4.85 3.473 0.536 2.66$ 3.776 0.427 1.540 0.598 0.714 3$ 88
60 5.06 2.222 0.378 2.444 2.444 0.311 0.240 0.33$ 0.920 36 70
Perniö
A 15 4.30 4.444 0.740 2.888 3.776 0.506 13.000 1.951 0.259 44 124
50 4.38 3.751 0.61$ 3.112 3.112 0.453 9.800 1.552 0.292 42 110
B 10 3.96 2.084 0.444 2.444 3.332 0.332 13.280 1.809 0.184 14 42
30 4.78 0.978 0.207 2.444 3.112 0.252 2.140 0.490 0.514 44 104
60 4.87 1.111 0.65$ 1.776 2.224 0.243 0.460 0.294 0.827 44 90
C 10 4.73 1.529 0.256 2.000 2.752 0.254 2.660 0.550 0.462 40 112
50 4.70 1.389 0.23$ 2.888 3.252 0.298 2.740 0.603 0.494 30 76
Tuusula
A 10 3.83 8.296 0.700 2.444 3.500 0.671 17.1 2.572 0.261 $ 44
30 5.13 2.500 0.396 2.668 3.000 0.351 0 0.351 1.000 112 620
70 5.20 3.473 0.460 3,556 2.752 0.436 0 0.436 1.000 74 286
Espoo
A 20 3.69 11.965 1.482 2.252 4.212 0.885 30.00 4.221 0.210 0 48
40 4.34 1.851 0.396 1.252 1.200 0.18$ 5.76 0.828 0.227 30 $6
70 4.66 1.111 0.171 1.500 1.000 0.133 2.64 0.427 0.311 34 92
Vantaa
A 10 3.24 5.811 0.873 1.752 3.000 0.484 24.20 3.175 0.152 0 16
30 4.36 10.555 1.184 1.252 2.252 0.714 16.20 2.515 0.284 $6 400
60 5.24 2.698 0.524 1.252 1.200 0.241 0.93 0.344 0.299 66 26$
40
Fig. 8. Mean pH (and variation range) of tayers 1, 2 and 3
tn the Porvoo and comparison areas.
4.3 Base saturation
The degree of soi1 acidification can also he
estimated on the basis of the effective base
saturation, which is the proportion of base cations(Ca2+, Mg2+, K+, Na+) out of the effective cation
exchange capacity (CECeffecr). The effective cation
exchange is a measure of the number of cation
exchange sites available at the specific pH of the
soil.
The amount of cations in the different horizons
of the podzoi soi1 profile in the Porvoo area was
relatively higher than that in the comparison areas
(Fig. 9). The lowest base saturation value was
recorded in the surface soi1 of the comparison
areas. In contrast, the base saturation values were
lower in the deepest layers of the Porvoo area (Fig.
10). This illustrates the fact that acidification has
progressed to a greater depth in the Porvoo area
than elsewhere.
Nature is able to protect to a considerable
extent against acidification. The mineralogy of the
soil is an important factor in the regulation of the
acidification equilibrium. As soil acidification
progresses, the amount of H+•ions in the soi1
water increases and that of base cations decreases.
The buffering capacity of the soi1 depends on how
long the exchangeable base cations are able to
maintain the state of equilibrium by means of
cation exchange. The exchangeabie cations in the
soi1 are positively charged metal ions which are
bound to the negatively charged cation exchange
sites on the sudace of the soi1 particles and organic
humus substances. The magnitude of cation
exchange depicts the capacity of the söil to
neutralize acidic deposition (H2S04, HNO3). The
major process affecting the intensity of the
OPotvoo
. Comporison
oreos
—
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fig. 9, Mean cation content at different soi! depths in the
Porvoo and comparison areas.
buffering capacity is the cation exchange capacity,
which is dependent on the amount of organic
matter and clay particles in the soi1, and on the
base saturation.
The buffering reactions promote soil weathering
through ion exchange reactions in which base
cations are replaced by H+•ions. This is an
important phenomenon in the development of
acidification. As a resuit of cation exchange the
base saturation of the soil decreases. If the acidic
deposition continues, this results in a gradual
5)
0
-J
5)
0
-J
4.0 4.5 5.0
pH
0
0
60
Porvoo Cornparison areas
Fig. 10. Mean effective base saturation (and deviation) at
different soi! depths in the Porvoo and comparison areas.
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increase iii the acidity of the soi1 and soil water. An
increase in soi1 acidity is a resuit of the exchange of
free H+•ions with base cations on the cation
exchange sites. However, these exchange reactions
reach a certain equilibrium in which part of the
H+•ions derived from acidic deposition are not
bound to the soi1 but are leached out into the
groundwater and waterways. The degree of H+•ion
exchange is mainly regulated by the base satura
tion, and thus also the pH.
4.4 Aluminium
Aluminium is one of the most common elements in
the soi1. The reactions of aluminium are of central
importance from the point of view of acidification.
Aluminium is poorly soluble in neutral or slightly
acidic soils. However, the solubility of aluminium
increases considerably along with an increase in
acidity due, for instance, to acidic deposition or
the effects of organic matter.
The solubility of aluminium silicates under
acidic conditions (pH 3.2—6.0) is affected by the
amount of hydrogen ions in solution, the strength
of the organic acids and the pH values of the
organometallic complexes, as well as the properties
of the clay minerais. One of the weathering
products of feldspars is kaolinite, which usually
occurs primarily in the enrichment (B) layer of
podzols. Ca-Na plagioclase is weathered under
acidic conditions first into kaolinite [A12Si2O5
(01-1)4] and subsequently into A13+ ions.
The above reactions presuppose that there are
sufficient free hydrogen ions in the soi1 water and
that there is a low carbonate content.
The interrelationship between pH and
extractable aluminium is depicted in figure 11.
The lower the soi1 pH, the greater is the
corresponding amount of exchangeable aluminium.
The following regression equation was obtained for
this dependence:
M = —15.57 pH + 77.92 R2 = 0.84
The exchangeable aluminium contents in the
Porvoo and comparison areas differed from each
other with respect to the middle and deepest
sampies (fig. 12). Part of the exchangeable
aluminium from the surface layer in Porvoo has
presumably been leached and bound at greater
depths. On the other hand, the aluminium
contents in the surface layer at ali sites were rather
similar. The resuit is in good agreement with the
base saturation values (Fig. 9), which lends further
3.5 4.0 45 5.0pH
Fig. 11. Correlation between the pH and exchangeable
aluminium content of the soil sampies taken in the
Porvoo and comparison areas.
3
0 6 8 12 16 mg 100g1
Atuminium
Fig. 12. Exchangeable aluminium content (and variation
range) of Iayers 1, 2 and 3 in the Porvoo and comparison
areas.
evidence to the assumption that acidification has
progressed to a greater depth in the Porvoo area
than elsewhere. However, these results are only
indicative because the statistical significance of the
difference could not be tested owing to the srnall
number of sampies.
4.5 Acid neutralization capacity
A decrease in the acid neutralizing capacity of the
soil can be used as a measure of acidification.
Determining the acid neutralization capacity in the
laboratory involves determining the amount of
added H-ions which the soil is capable of
neutralizing. The ANC value does not provide
information about which reactions are responsible
for the buffering, but is merely a value which de
mg100
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picts the söiis capacity to counteract a change lii
acidity. Before more precise estimations can be
made on the state of the soi! on the basis of the
ANC values, the cations which are responsible for
the neutraiizing reaction and the other buffering
factors and their interrelationships need to he
known. Under iow pH conditions, the iron
compounds in the surface layer of the soi! may
have a decisive effect on the buffering capacity.
Since the sampies analysed in this study contained
varying proportions of the eluviated and enrich
ment horizons, it is possible tliat the buffering
capacity of iron and aluminium compounds partiy
compensate for the effects of cation exchange. The
ANC38 and ANC30 values varied uniformly in the
areas around Porvoo and lii the comparison areas.
The ANC values in the Porvoo area were smaller
than those for the comparison areas at ali soii
depths (fig. 13).
The dependence of the soi1 pH on the base
saturation, exchangeable aiuminium content, cation
exchange capacity and equivalent content was
examined by means of regression analysis. The
correlation coefficients depicting the dependences
in question are presented for the different soii
layers in Tabie 13. The best correlation was found
between soi! pH and the exchangeable aluminium
content. The dependence in the Porvoo area ciearly
improved with increasing depth.
5 GROUNDWATER
Groundwater quality is determined by the geo
hydrological conditions in the area where it is
formed, and hence its chemicai composition often
reflects the mineral composition of the soi! and
bedrock. The danger of groundwater acidification
is greatest in shallow aquifers. The water supply of
mrai areas is usually concentrated on such aquifers.
Municipal waterworks are usualiy situated on
better protected deep aquifers.
Groundwater acidification foliows a number of
different stages. In the first stage small amounts of
calcium, magnesium and suiphate are leached into
the groundwater. In this stage there are stili large
amounts of basic buffering material, and the pH
remains constant or even shghdy increases. Owing
to the buffering capacity of the soil, groundwater
becomes acidified in a different way from that of
surface water. The acidity of groundwater remains
constant for as long as there is sufficient buffering
Table 13. Dependence (R2) between soi! acidity and the effective base saturation fBSeff), exchangeable aluminium
content fAl), effective cation exchange capacity fCECeff) and equivalent content (ECC) in the Porvoo and the
comparison areas.
Atea Depth pH/BSf pH/A1 pH/CECff pHIECC
cm
Porvoo 10—15 0.059 0.367 0.297 0.278
30—50 0.226 0.700 0.730 0.364
n = 27 60—100 0.030 0.852 0.653 0.629
Comparison 10—30 0.395 0.802 0.755 0.781
20—40 0.046 0.661 0.531 0.941
n 26 40—100 0 0.721 0.536 0.231
, nn
E
0
11J pH 3.0
150 - pH 3.8
100 -
50-
1 2
Porvoo
3 1 2 3
Comporison oreas
Fig. 13. Mean ANC values of the soi! samp!es from
different depths with different acid !oads in the Porvoo
and comparison areas.
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material to replace the hydrogen ions. 7. 0
Under Finnish conditions the weathering of
siliceous material is the main mechanism respon-
sible for regulating groundwater acidity. Base 6.5 -
cations, which increase the alkalinity of the
groundwater, are dissolved out of the soil through /
O
the action of carbonic acid. The alkalinity of the 6 0
groundwater depicts the capacity of the soi1 and
O
o
the groundwater to neutralize acidity. The aika- /
linity value of the groundwater also often better . p”
depicts water acidification than its pH. •
/ • PORVOOO, o PERNAJA
5.0 ;L’
5.1 The Porvoo area /
The groundwater sampies were taken in the 0 0.5 m mot t 1.0
Porvoo area on 4.6., 29.8. and 27.10.1988. The Atkatinity
results of the analyses are given in Table 14. The
pH of the groundwater varied between 4.5 d 6.7. Fig. 14. Effect of alkalinity on groundwa
ter acidity in the
Porvoo and comparison areas.
The alkahmty at one pomt was extremely Iow, anu
less than the detection limit of the analytical
method (0.01 m mol 1—1). The area is also charac
terized by the Iowest aluminium concentrations in
a deep aquifer (waterwork sampies), and higher
leveis in a shallow one (till areas). Aluminium
dissolution increases significantly at pH less than
5.5.
Table 14. Chemical properties of the groundwater in the Porvoo area jo 1988.
-y Mk. NH4—N N03—N N0 Al Cl S04 Ca Mg fe MnSample pH
mSmt mmol 11 g 1—1 mg 11
4.6.1988
1 5.7 4 0.08 35 271 $50 180 1.6 11.3 1.8 1.1 0.03 <0.01
2 6.7 22 0.7$ 64 593 1450 50 22.4 29.3 8.5 7.8 0.76 0.01
3 5.5 9 0.11 41 710 1750 430 3.0 21.5 3.8 2.4 <0.01 <0.01
4 4.9 5 0.04 46 3$ 255 490 1.6 14.5 1.6 1.0 0.17 0.02
15 6.7 13 0.46 39 677 1600 30 12.0 21.5 5.0 5.1 0.12 <0.02
18 4.9 6 0.02 37 67 275 1200 1.6 15.0 2.1 1.3 0.43 0.05
19 6.0 $ 0.22 41 51 115 310 3.9 19.0 4.5 1.1 0.06 0.01
21 5.6 21 0.07 44 $5 300 210 51.6 14.2 5.0 2.0 <0.01 <0.01
74 5.4 5 0.04 43 35 205 330 3.5 14.5 2.0 0.7 0.0$ 0.01
84 5.3 5 0.05 44 17 280 360 3.9 14.5 2.0 0.8 0.06 <0.01
22.8.1988
9 5.4 13 0.04 57 19 240 550 4.8 45.0 5.6 3.7 <0.01 0.02
11 5.5 9 0.11 62 40 370 240 2.9 21.5 4.8 4.4 0.48 0.01
12 4.5 8 <0.01 44 47 1860 1050 2.2 20.0 2.4 1.4 0.13 0.02
13 5.9 31 0.06 37 27 240 90 81.5 13.5 4.6 1.5 0.53 <0.01
22 6.3 15 0.49 32 42 630 450 7.7 2.5 6.8 4.7 1.10 0.02
27.10.1988
10 5.5 9 0.1$ 38 56 791 360 4.1 24.2 6.9 2.4 0.93 0.03
21 5.2 20 0.14 13 47 106 320 41.4 15.1 10.6 1.6 0.07 0.03
25 5.1 11 0.10 23 69 259 480 4.4 37.0 7.8 2.2 0.03 0.07
min 4.5 4.0 0.00 13 17 106 30 1.6 2.5 1.6 0.7 <0.01 <0.01
max 6.7 31.0 0.78 64 710 1860 1200 81.5 45.0 10.6 7.8 1.10 0.07
3 5.6 11.9 0.17 41 161 643 396 14.1 19.7 4.8 2.5 0.28 0.02
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5.2 The Greater Helsinki area
The groundwater sampies representing the Greater
Helsinki area were collected in the urban munici
palities of Tuusula, Vantaa and Espoo. The pH
values varied between 5.4 and 9.6, the alkalinity
0.09—2.70 mmol 11, aluminium and sulphate
levels in the Vantaa area were rather high, and
clearly exceeded the values measured in the Porvoo
area. The analytical results for the Greater
Helsinki area are presented in Tahle 15.
5.3 Pernaja
The pH values in the comparison area of Pernaja
ranged fron 5.5 to 6.7, the alkalinity 0.15—0.69
mmol 1—1, aluminium 20—520 g h’, and sulphate
7.8—24.5 mg 1’. The aluminium and sulphate
levels in Pernaja were clearly lower than those in
the Greater Helsinki and Porvoo areas (Table 16).
The chloride concentrations were rather high at
certain points in the Pernaja area. The salinity
increase probahly resulted from the application of
NaC1 along the nearby highway. The base cation
concentrations, electrical conductivity and pH
were high at the same points where the salinity was
high.
Table 15. Chemical properties of the groundwater in the Greater Helsinki area in 1988.
‘y Alk. NH4—N N03—N N0 Al Cl $04 Ca Mg Fe MnSample pH
mSm’1 mmol 11 pg 11 mg
Tuusula
16.2.1989
1 6.8 31 2.6 <10 21 150 70 7.5 22.0 25.0 16.0 1.80 0.16
2 6.6 7 0.09 <10 640 1300 200 3.5 18.0 5.9 2.5 0.17 <0.01
3 6.3 13 0.45 <10 2600 26000 95 8.8 10.0 11.0 2.9 0.12 <0.01
4 6.5 10 0.52 <10 87 4500 170 3.4 17.0 7.6 3.1 0.17 <0.01
Vantaa
18.12.1988
1 5.6 14 0.43 141 166 461 930 16.2 24.0 6.1 4.1 0.71 0.05
2 5.4 10 0.09 29 190 432 800 5.5 79.0 4.3 2.5 0.35 0.09
3 6.3 16 0.63 14 408 2306 10 10.8 29.0 6.3 5.0 0.12 <0.01
4 6.2 18 1.50 420 34 706 1800 5.5 9.6 10.0 6.9 6.00 0.22
5 6.0 9 2.70 352 10$ 956 1300 4.3 15.0 75.0 39.0 1.50 0.42
Espoo
5.5.1988
1 6.6 15 0.33 50 810 980 100 6.4 20.3 8.3 4.1 0.17 0.05
min 5.4 7.0 0.09 5 21 150 10 3.4 9.6 4.3 2.5 0.12 <0.01
max 6.8 31.0 2.70 420 2600 26000 1800 16.2 79.0 75.0 39.0 36.00 0.42
‘ 6.2 13.0 0.13 121 370 378 548 7.2 24.4 16.0 8.6 1.11 0.10
Table 16. Chemical properties of the groundwater in the Pernaja area in 1988.
Sample pH Y25 Alk. NH4—N N03—N N0 Al Cl $04 Ca Mg fe Mn
mSm1 mmol 11 g M mg 11
15.7.1988
1 6.7 26 0.69 37 1226 2165 20 42.4 23.3 11.1 7,$ 0.04 0.10
2 6.2 12 0.35 31 1648 3600 180 6.2 17.8 5.5 1.9 0.03 0.02
3 6.0 7 0.29 16 372 $90 480 2.9 14.0 4.0 1.0 <0.01 <0.01
4 6.0 8 0.51 <10 258 945 520 2.0 9.3 4.3 2.1 <0.01 <0.01
5 6.0 41 0.31 18 1832 1850 80 96.5 16.8 11,$ 6.0 <0.01 <0.01
6 6.7 28 0.68 32 38 570 230 46.3 11.3 8.5 6.0 0.53 0.0$
7 5.9 40 0.30 10 1806 3980 510 105.0 7.8 28.8 5.1 0.08 0.0$
8 6.4 16 0.45 54 1213 1900 200 5.0 24.5 8.3 3.7 0.07 0.02
9 5.6 11 0.15 40 141 375 270 19.7 10.2 3.3 1.7 0.17 0.01
10 5.5 19 0.19 <10 54 270 230 44.6 13.3 9.9 7.1 0.04 0.01
min 5.5 7.0 0.15 5 3$ 270 20 2.Ö 7.8 3.3 1.0 <0.01 <0.01
max 6.7 41.0 0.69 54 1832 3980 520 105.0 24.5 28.8 7.8 0.53 0.10
6.1 20,$ 0.39 25 859 1655 264 37.1 14.8 9.6 4.2 0.10 0.03
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5.4 Perniö Porvoo:
The pH values in the Pemiö area rauged from
5.2—6.4, the alkalinity 0.04—0.78 mmol 1—’,
aluminium 5—430 g 1—1, and the sulphate
concentrations 5.7—10.2 mg 1. Groundwater
acidification was clearly less pronounced in this
comparison area. The analytical results are pre
sented in Table 17.
Although the Perniö area was covered by the
Litorina Sea, the salinity values were low. This
indicates that there are relatively few clay deposits
in the area. The clay deposits in areas where
groundwater is formed, increase the alkalinity of
the groundwater because the cation exchange
capacity of clay soils is considerably higher than
that of coarse-grained soils.
5.5 lon ratio comparisons and concen
tration distributions
In cation exchange reactions the base cations in the
soil are displaced from cation exchange sites and
pass into the soil water and subsequently the
groundwater. The leaching of metais also increases
as a resuit of the chemical weathering of minerais.
The ionic composition of the groundwater also
reftects the acidification processes taking place in
the soi1 and groundwater. The dependences of the
equivalent ionic concentrations in the groundwater
of the Porvoo and comparison areas are examined
in the following on the basis of jon ratio analyses.
= 2.38 A& + 5.17
+ Mg2+ = —13.30 I{ + 519.17 R2
= 0.0011 Mg2+ — 0.065 R2
= 0.00083 Ca2 — 0.03 1 R2
= 0.13 A13+ + 6.12 R2
Comparison
pH = 0.26 Mk + 5.93
Ca2 + Mg2+ = —160.00 H++1028.35R2
Alk = 0.00096 Mg2+ — 0.13 R2
Mk 0.00075 Ca2 — 0.13 R2
pH = —0.0021 A13+ + 6.12 R2
According to the regression analyses, there was a
clear linear relationship between the acidity (pH)
of the groundwater and the alkalinity (AIk) and
aluminium concentration in the areas surrbunding
Porvoo. Conversely, no corresponding correlations
were found in the groundwater in the comparison
areas. In both cases, the groundwater alkalinity was
more affected by the Mg concentrations than the
Ca concentrations.
The groundwater pH and ionic composition in
the Porvoo and comparison areas were examined in
the form of cumulative distributions (fig. 15). The
pH of the groundwater was lower in the Porvoo
area than elsewhere, as also were the alkalinity and
concentrations of base cations, which depict the
buffering capacity of the groundwater. The
aluminium concentration was higher than that in
the cornparison areas, even though the highest Al
concentrations were recorded in the Vantaa area.
Table 17. Chemical properties of the groundwater in the Perniö area in 1988.
y Mk. NH4—N N03—N N0 M Cl S04 Ca Mg Fe Mn
Sample pH
mSm mmol 1—’ zg N mg 1—1
22.6.1988
1 6.2 3 0.11 45 10 520 40 2.4 6.8 1.9 0.5 0.13 0.01
2 5.9 3 0.12 48 235 1250 270 2.2 7.2 1.9 0.6 1.40 0.01
3 6.1 4 0.10 22 19 410 180 2.3 8.0 1.8 0.8 0.06 0.01
21.9.1988
1 6.1 3 0.13 15 1 435 30 1.8 6.5 3.8 0.6 0.04 <0.01
2 5.9 4 0.12 8 61 223 40 2.8 6.6 2.9 0.8 0.71 <0.01
3 5.6 4 0.13 16 45 245 60 2.1 8.9 3.8 1.0 0.03 <0.01
4 6.4 14 0.78 13 204 319 5 10.0 10.2 13.8 4.4 0.04 <0.01
5 5.2 4 0.10 13 17 372 430 2.6 6.6 2.2 0.7 0.28 <0.01
6 5.4 4 0.13 13 28 1280 290 2.3 6.6 3.8 0.6 0.28 <0.01
7 5.8 4 0.11 7 96 135 150 2.4 8.3 3.2 0.9 0.07 <0.01
8 5.8 3 0.04 $ 10 183 70 1.8 7.3 1.8 0.4 <0.01 <0.01
9 6.1 5 0.1$ 11 487 520 5 2.6 5.7 4.3 1.0 <0.01 <0.01
10 5.8 4 0.0$ 9 332 360 60 2.0 8.7 2.3 0.8 0.08 <0.01
min 5.2 3.0 0.04 7 1 135 5 1.8 5.7 1.8 0.4 <0.01 <0.01
max 6.4 14.0 0.78 4$ 487 1280 430 10.0 10.2 13.8 4.4 1.40 0.01
5.9 5.0 0.16 18 119 481 125 2.9 7.5 3.7 1.0 0.24 0.006
pH
Ca2+
Mk
Mk
pH
= 0.69
= 0.16
= 0.73
= 0.27
= 0.53
= 0.16
= 0.03
= 0.75
= 0.62
= 0.05
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The effects of deposition-derived mineral acids
(H2S04, HNO3) on the weathering of base cations(Ca2+, Mg2+) were also examined as the dependence
between the equivalent concentrations of (S042j
and (Ca2+ + Mg2+
— HCO3j m groundwater.
According to Harvey et al. (1981), the calcium and
magnesium in groundwater is derived from
weathering caused by the mineral acids in
precipitation and snow meit if the mteraction in
question is good. Weathering caused by
bicarbonate has been eliminated in the method.
The following regression equation were obtained
for the different areas:
Porvoo:
S042— = 0.79 (Ca2+ + Mg2+ — HCO3j + 190.33
= 0.34
Comparison:
S042 = 0.017 (Ca2+ + Mg2
— HCO3j + 303.08
= 0002
The above regression and correlation analyses are a
good means of depicting the effects of single
emission sources on groundwater quality, assuming
that the environmental conditions (geology, vegetation)
are as homogeneous as possible and that the
recharge area is clearly delineateä.
The correlation was clearly better in the Porvoo
area than in the comparison areas. This indicates
that anthropogenic sulphur deposition in the
Porvoo area causes more weathering and leaching
of base cations than in the comparison areas.
Fig. 15. Cumulative distributions of the pH, alkalinity, base cation and aluminium concentrations in the groundwater
in the Porvoo and comparison areas.
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5.6 Interaction between deposition and
groundwater
The effects of deposition on groundwater were
estimated by investigating the occurrence of
sulphate in the roundwater and the relative
proportion of Htions with respect to base
cations. Sulphate is a good labeling compound
because it passes rapidly into the groundwater
owing to the low sulphate absorption capacity of
the soi1.
The cumulative concentration distributions for
the study areas clearly differed from each other
(Fig. 16). The mean concentration in the Porvoo
area was clearly the highest, even though the
proportion of low concentration values was also
the highest. Leaching of sulphate into the
groundwater is also very much dependent on the
vegetation cover and the type of soi1. It is higher in
coarse-grained, stratified soils than in till solis, for
example.
The exchange of H+ions in the Porvoo and
Pemaja areas is depicted in Figure 17 as the ratio of
equivalent concentrations of basic cations. In those
areas where the proportion of H+•ions was low,
the corresponding sum of equivalent concen
trations of Ca and Mg was high. This demonstrates
how the soi1 in different areas neutralizes the acid
load by means of cation exchange.
It was also clearly evident iii the Porvoo area
how, under certain conditions, the amount of
H+•ions increased very sharply when the amount
of base cations feli to a certain level. This level also
fig. 16. Cumulative distnbution of the sulphate
concentration iii the groundwater in the Porvoo and
comparison areas.
500
Fig. 17. Correlation between the hydrogen jon concen
tration and the sum of the major base cations in the
Porvoo and Pemaja areas.
depicts the buffering capacity threshold of the
groundwater, below which the neutralizing mechan
ism no longer functions and the groundwater starts
to acidify. In this case the threshold value for base
cations (Ca2+, Mg2j was 50—100 jtg y—1
6 CONCLUSIONS
Pemaja, Greater Helsinki and Perniö were chosen
as comparison areas for estimating groundwater
acidification in the Porvoo area. The areas were
comparable as regards climate and geology. The
deposition leveis were determined on the basis of
snow analyses. Chemical analysis of soil sampies
was used to examine the acidification processes and
their progression in the different layers of the
surface soil.
The degree of soil acidification was estimated
using different soil factors. According to the
decrease in the cation exchange capacity, base
saturation, acid neutrahzation capacity and the
amount of exchangeable acidic cations (A13+, Hj,
acidffication in the Porvoo area has progressed, on
the average, to a greater depth than iii the
comparison areas. The magnitude of acidifying
factors has increased in the Porvoo area with
respect to the amount of neutralizing factors. As a
resuit of this, the amount of A13+ and H+ cations
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on the cation exchange sites has increased.
The results for the groundwater analyses were
examined as cumulative distributions. The pH of
the groundwater in the Porvoo area was clearly
lower than elsewhere, as were the concentrations of
base cations (Ca2h Mg2+) and alkalinity.
The dissolution of aluminium is clearly a pH
dependent process. The concentration of alumin
ium increased significantly at pH less than 5.5. The
mean aluminium concentration in the Porvoo areas
was somewhat higher than that in the comparison
areas, although the highest Al concentrations in
this study occurred in Vantaa.
Regression and correlation analyses were used to
estimate the effect of individual emission sources
on the ionic composition of the groundwater. The
effects of anthropogenic mineral acid deposition
(H2S04, HNO3) on the weatliering of base cations(Ca2+, Mg2+) was also investigated as the depend
ence between the equivalent concentrations of
(SO) and (Ca2+ + Mg2 — HC03). The
method is a good one for depicting the effects of
individual emission sources on groundwater quality
under specific environmental conditions.
YHTEENVETO
Arvioitaessa Porvoon ympäristön pohjavesien hap
pamoitumista valittiin vertailualueiksi Pernaja,
pääkaupunkiseutu sekä Perniö. Alueet olivat ilmas
tollisesti sekä geologisesti melko hyvin keskenään
vertailtavia.
Lumitutkimuksien avulla arvioitiin alueelliset
laskeumatasot. Maa-analyysien avulla tarkasteltiin
happamoitumisen prosesseja ja niiden etenemistä
maan pintaosan eri vyöhykkeissä,
Maaperän happamuusaste määritettiin eri osate
kijöiden avulla. Kationivaihtokapasiteetin, emäs
kyllästysasteen, haponneutralointikyvyn sekä vaih
tokykyisten happamien ionien (All+, H+) mukaan
Porvoon ympäristössä happamoituminen on eden
nyt keskimäärin syvemmälle kuin vertailualueilla.
Happamuutta aiheuttavien tekijöiden määrä on li
sääntynyt Porvoon alueella suhteessa happamuutta
puskuroivien tekijöiden määrään. Tämän seurauk
sena on mm. vety- ja alumiini-ionien määrä kasva
nut kationivaihtosidoksissa.
Pohjavesianalyysituloksia tarkasteltiin kumula
tilvisina jakaumavertailuina. Pohjaveden pH-taso
oli Porvoon alueella selvästi alhaisempi kuin muual
la, myös emäskationien (Ca2+, Mg2+) määrä ja al
kaliniteetti oli vähäisempi.
Alumiinin liukeneminen on selvästi pH-riippu
vainen. Alumiinin määrä lisääntyi merkittävästi
pH:n ollessa < 5,5. Keskimääräinen alumlinin pi
toisuustaso oli Porvoon alueella jonkin verran suu
rempi kuin vertailuatueilla, vaikka tämän tutki
muksen suurimmat Al-pitoisuudet löytyivät Van
taafta.
Regressio- ja korrelaatioanalyysien avulla arvioi
tiin mm. yksittäisen emissiolähteen vaikutusta poh
javeden ionipitoisuuksiin. Laskeumaperäisten vah
vojen happojen (H2S04, HCO3) vaikutusta emäs
kationien (Ca2+, Mg2j rapautumiseen tarkastel
tim myös pohjaveden (S042+) ja (Ca2+ + Mg2+ —
HCO3j ekvivalenttipitoisuuksien riippuvuutena.
Menetelmällä voidaan arvioida yksittäisen emissio
lähteen vaikutusta pohjaveden laatuun tietyissä
ympäristöolosuhteissa.
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INFLUENCE Of LIMESTONE-DUST DEPOSITION
ON GROUNDWATER ACIDIFICATION IN AREAS
WITH DIFFERENT DEPOSITION LEVELS
Jouko Soveri
Soveri, J. 1991. Influence of limestone-dust deposition on groundwater
acidification in areas with different deposition leveis. Publications of the
Water and Environment Research Institute, National Board of Waters and
the Environment, Finland. No. 8.
The aim of this study was to estimate the effect of limestone-dust deposition
on groundwater acidity and ionic composition at different deposition leveis.
Tlwee industrial limestone processing plants with varying limestone-dust
emissions located in different climatic areas were selected. The emission
investigate4 in this study correspond to liming with limestone dust at leveis
that vary iii proportion to the distance from the emission source. Changes
taking place in the ionic composition of the groundwater were estimated in
different areas on the basis of the deposition leveis. Changes in groundwater
quality were used to estimate limestone-dust deposition leveis at which
reactions changing the acid-base equilibrium of the groundwater occur.
mdcx words: groundwater, limestone-dust deposition, snow, acidification
1 INTRODUCTION
Gradual acidification of the environment has been
taking place for thousands of years as a resuit of
natural processes. However, man’s activities have
clearly speeded up acidification during the past few
decades. According to estimates made in 1987,
about 210 000 tonnes sulphur and about 93 000
tonnes of nitrogen are deposited annually on the
soils and waterways of Finland (Eliasson et aL,
1988).
Nature is able to protect itseff from acidification
because the mineralogy of the soil plays an
important role lii regulating the acidity balance. As
the acidity of the soi1 increases, the amount of
hydrogen ions in solution increases and the amount
of basic cations decreases. The length of time
through which exchangeable ions can maintain the
state of equiibrium depends on the buffering
capacity of the soi1.
Base cations in the soil are transferred, as a
resuit of ion exchange reactions, from exchange
sites to the soi1 solution, and from there into the
groundwater. The pH of the groundwater may
even rise in the initial stages, and only start to fail
when the alkalinity decreases. Leaching of metais
increases as the rate of chemical weathering of
minerals speeds up. Reactions of heavy metais and
aluminium in both the waterways and the soil are
an important aspect of acidification because they
frequently have a toxic effect on organisms.
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Considerable concern is presently being ex
pressed about the increase in dissolution of toxic
compounds from both soil and waterpipes, and
their possible effect on health. In the future,
groundwater will be used to an ever-increasing
extent as a source of potable water. In 1990, about
52 % of the water used by municipalities in Finland
was groundwater. In addition, the water supply in
rural areas is almost exclusively on groundwater.
Groundwater in Finland is sensitive to acidification
for the following reasons:
— Precambrian bedrock consists primarily of
acidic minerais tbat have a low rate of
weathering
— Quaternary soils are coarse-grained and subse
quently highly permeable to acidic rainwater
and snowmelt
— Hydrological cycling time of shallow ground
water is short and hence the dissolution time of
the minerais is low.
The danger of groundwater acidification is greatest
in shallow aquifers. The water supply in rural areas
is usually centered on such aquifers, whereas the
waterworks of urban areas are usually in better
protected, deep aquifers.
Groundwater acidification can also he alleviated
by liming. The use of cement rings in wells is in
itself aiready one form of liming that clearly
increases the pH of the wellwater by 0.5—3.0 pH
units (Soveri, 1988). So far however, there is very
little information available about the liming of
groundwater, and basic research on this question
has only been done in Sweden (Warfvinge and
Sverdrup, 1988).
Limestone can he added either directly to the
well, or mixed into the filler soil surrounding the
well. Filters containing limestone granules to
reduce the acidity of the wellwater and subsequent
waterpipe corrosion have also been tested in
private wells in Sweden. Perhaps the best overali
effect has been achieved by liming the entire or
partial area lying above the aquifer. The advantage
of this method is that dissolution of harmful heavy
metals in the groundwater can be reduced
throughout the catchment area. The disadvantage,
however, is the long time lag between liming and
its effects on the siow nature of the geohydrological
processes (Warfvinge and Sverdrup, 1987).
If groundwater acidification continues according
to present predictions, then we wilI be forced to
employ a range of measures to improve the
buffering capacity of the soil. One alternative, and
perhaps the only practical one, is soil liming. It is a
measure that can at least temporarily alleviate the
probiem of acidification.
2 METHODS AND MATERIAL
2.1 Snow studies
Snow studies were used to estimate deposition
load. The snow acts as a natural deposition base on
which air pollutants are deposited in layers. Snow
samples were taken at varying distances from the
emission source in order to determine the areal
pattern of limestone-dust deposition. The sampies
were taken as profile samples before snow melt
proper in March-April, and thus they represented
the mean winter load. The water equivalent values
of the snow were also determined. The snow
samples (totalling 21) were melted and following
pretreatment (mixing and filtering) were subjected
to the following analyses: pH, electrical conductiv
ity, alkalinity, nitrate, ammonium, total nitrogen,
sulphate, calcium, magnesium, potassium and
sodium. The concentrations in the snow were
converted into monthly load figures. In this study
the deposition time refers to the time period
between sampling and the data when a permanent
snow cover had formed.
2.2 Soil studies
The capacity of soil to neutralize hydrogen ions
can be estimated using the so-called acid neutraliz
ation capacity (ANC) method. The effects of
natural and anthropogenic influences on acid-base
chemistry can be described using the definition of
ANC (Sullivan et al,, 1989):
ANC = 2Ca2 + 2Mg2 + K + Na + NH+
2fe+2Mn+2Al—2SO—NO— C1—f (1)
From this equation, it follows that reactions or
processes that reduce the concentration of the
cations listed without an equivalent reduction in
the anions will reduce the ANC of water; processes
that decrease the anions without a concurrent
decrease in the cations will increase the ANC
(NAPA? 1990). The buffering capacity can also he
determined as the difference between the basic and
the strongly acidic components present in the soil.
The reactions in the soil which involve the
formation and consumption of hydrogen ions have
an effect on the buffering capacity (Van Breemen et
al. 1983).
Soil sampies (totaUing 14) were taken at
different depths in four areas for the ANC
determinations. The pretreatment and analytical
procedure were as follows:
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The analyses were carried out on soi! sampies
!ess than 0.5 mm fraction. 2.5 g of sample were put
in three test tubes, and 25 ml of 0.025M NH4NO3
of known pH was added. 0 cd, 125 jd and 1250 d
of 0.1 N H2S04 were added to each tube.
The tubes were shaken for 24 h. The aqueous
fraction was removed by centrifugation and its pH
measureä. The pH values corresponding to the
acid additions were:
0 1il acid = pH in NH4NO3 so!ution
125 1il acid
= P13.3
1250 1.d acid = PH2.2•2.4
The ANC values were calculated on the basis of
the two acid additions using the following formula
(Räisänen, 1987).
ANC = iOx + 0.1
xV2 10—b f’ +V2)
3 SAMPLING AND AREAL
REPRESENTATION
The study areas were selected to represent
industrial areas of varying age with different
deposition leveis in different climatic and soil
regions. These were: 1. the Vampu!a limestone
works of Partek Oy, 2. the Louhi limestone works
of Ruskea!an Marmori Oy, 3. the Ko!ari cement
works of Partek Oy (Fig. 1.). The sampling points
for snow, soi! and groundwater are presented in
Fig. 2, 3 and 4.
where
a = pH of the NH4NO3 solution
b = final pH of the so!ution
c = weight of the soil sample (2.5 g)
V1 volume of NH4NO3 solution (25 ml)
V2 amount of H2SO4 added (ml)
Base cations were determined from the extract
without any acid addition. Two drops of 4M
H2S04 and 0.2 ml of Ce-La buifer were added, and
the metais were determined by atomic absorption
spectrometry. The resuks were calculated per dry
weight of soi!.
2.3 Groundwater studies
An attempt was made to take representative
groundwater samp!es from natural springs (L) at
different distances from the works. Cement-ring
wells (SK) were avoided as far as possible because
they re!ease base cations into the we!lwater. In the
Louhi area many of the water samp!es were taken
from stone-!ined wel!s (KK) that represented the
!oca! groundwater. The following ana!yses were
made on the groundwater samp!es (totaliing 30):
pH, e!ectrical conductivity, a!ka!inity, nitrate,
ammonium, total nitrogen, sulphate, calcium,
magnesium, potassium, sodium, phosphate and
a!uminium.
fig. 1. Location of the study areas; V = Vampula, L =
Louhi, K = Kolari.
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3.1 Vampula
The Vampula limestone works, built in 1984, is the
largest and most modern limestone-processing
plant in Finland. Consequently the limestone dust
emissions are relatively iow. The limestone is
obtained from an open-cast quarry situated nearby.
Magnesium rich limestone, with a magnesium
content of at least 2 %, is produced by mixing
calcite and dolomite. The annual output of the
works is 50 000—200 000 tonnes.
/
M2
0 P8
p7OO
L1°
fJ= Vompulo cement works
P1
— P10 =O groundwter sGmpe
L1-L7 =0 snow samp[e
Ml— M2 = 0 sou sampie
Limestone deposit
0 1km
P6
L
Punola
°L4
/
O P9
L50.
1
Fig. 2. The snow, soil and groundwater sampling points near to the Vampula limestone works CV = Vampula works,O = groundwater sample, 0 = snow sample, ® = soil sample, III limestone deposit).
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3.2 Louhi 3.3 Kolari
The Louhi limestone works have been operating
since 1944. Raw materiais are mined either
underground or quarried. The limestone for
ameliorative or industrial use is made from
dolomite and calcite, the products having a
magnesium content of 4—7 %. The annual output
of the works is about 150 000 tonnes.
The Kolari cement works was opened in 1968.
Limestone is the main raw material used in cement
production. The limestone comes from a quarry
close to the factory, whose output is about 250 000
tonnes a year. In addition, about 30 000 tonnes of
other minerais used in manufacturing the crude
powder are quarried in the area.
1= Louhi cement works
P1 — P10 O grourdwater sampLe
L1 — L7 = 0 snow sampIe
Ml— M2 =® soit sample
Limestone deposit
0 1km
Fig. 3. Sampling points for the snow, soil and groundwater sampies in the area around the Louhi limestone works fL =
the Louhi works, O = groundwater sample, 0 snow sample, 0 soil sample, III = limestone deposit).
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Fig. 4. Sampling pointa for the snow and groundwater sampies in the area around the Kolari cement works (L = theKolari works, O = groundwater sample, 0 = snow sample, 0 soil sample, III = limestone deposit).
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4 DEPOSITION DURING THE
WINTER
It was important from the viewpoint of snow
sample representability to take the sampies from a
point where the snow had not yet begun to meit. A
considerable proportion of the material that
accumulates in different layers in the snow cover is
lost during the initial stages of snow meit
(Johannesen and Henriksen, 197$). The snow
cover also represents mean snow conditions, e. no
accumulation or removal of snow through wind
action at the snow sampling point. Authenticity of
the snow cover was checked at the sampling point
by measuring the thickness of the snow cover and
determining its water equivalent (Soveri, 1985).
4.1 Chemical composition of the snow
Snow analysis results for the areas surrounding the
Vampula, Louhi and Kolari works are presented in
Table 1. The pH values of the snow varied at
dffferent points from 4.8 to 9.1. The mean back
ground pH of snow in southern Finland is about
4.7 and in northern Finland 4.9 (Soveri, 1985). The
differences in snow acidity within the areas were
rather large. High pH values were clearly correlated
with the magnesium and calcium concentrations in
the snow.
Deposition of sulphurous, nitrogenous and
acidic compounds have the greatest effect on
acidification of the environment. The sulphate
concentrations in the snow ranged within the areas
from less than 1 to 4.6 mg —1 The mean sulphate
concentration in snow in Finland is 2.2 mg 1.
Concentrations of nitrogenous compounds (deter
mined as total nitrogen) varied by 390 to 1180
l— (mean for Finland 730 g 1—1).
The Ioad of sulphurous and nitrogenous com
pounds in the Vampula area was about double that
in the Louhi and Kolari areas. This is pardy due to
the high consumption of heavy fuel oil (ca. 700
tonnes in year, with an estimated S content of
0.5 %) at the limestone plant, which emits about
3.5 tonnes of sulphur a year. Long-distance
transport of pollutants also makes a considerable
contribution to sulphur deposition in the area. The
sulphate concentrations in the snow in the Kolari
area were clearly lower than those in the other
areas, while those of calcium and magnesium were
clearly the largest. The pH values and alkalinity of
the snow in the Kolari area are greater tlian those
Table 1. Chemical composition of the snow in the vicinity of the Vampula, Louhi and Kolari works.
Snow concentration
Sampling f 725 Mk. N03—N NH4—N N0 S04 Ca Mg K Na
point mSm’ mmol 11 g 11 ‘g 1’ g 11 mg 11 mg l mg 1—’ mg 1—’ mg 1—1
Vampula
Li 7.6 1.45 0.07 400 74 650 1.3 1.8 0.08 0.09 0.42
L2 7.6 2.74 0.16 540 67 1180 4.3 5.6 0.11 0.36 0.92
L3 7.6 1.67 0.05 450 78 660 2.9 3.0 0.15 0.0$ 0.24
L4 8.5 4.70 0.43 360 44 610 2.5 10.8 0.15 0.13 0.36
L5 8.6 4.81 0.50 430 88 910 4.6 11.0 0.24 0.10 0.20
16 7.8 3.25 0.20 410 58 970 3.0 5.6 0.08 0.06 0.26
17 7.7 2.39 0.14 410 39 730 2.6 4.4 0.06 0.05 0.22
Louhi
Li 7.3 4.2 0.44 370 27 390 2.0 26.0 0.46 0.09 0.2$
L2 7.5 3.3 0.20 390 18 460 1.8 6.9 0.27 0.05 0.10
L3 7.2 1.7 0.06 420 36 590 1.6 1.54 0.09 0.04 0.42
L4 5.8 1.2 0.02 350 33 400 <1 0.59 0.06 0.06 0.18
L5 5.0 17 0.06 380 27 390 1.6 0.35 0.04 0.04 0.20
16 4.8 1.5 0.01 330 4 550 <1 0.42 0.05 0.04 0.22
L7 4.8 1.9 0.11 430 19 630 1.7 0.64 0.05 0.08 0.22
Kolari
LI 9.1 5.3 0.67 316 80 490 1.7 30.0 0.60 0.62 0.42
L2 8.8 4.5 0.48 261 70 500 1.2 22.1 0.50 0.51 0.36
13 7.5 4.5 0.36 251 115 550 <1 7.8 0.17 0.23 0.40
14 7.6 1.5 0.07 269 60 460 <1 1.6 0.05 0.09 0.16
L5 7.5 4.5 0.20 146 140 570 <1 4.3 0.12 0.09 0.24
L6 8.2 2.0 0.07 295 $0 500 <1 2.4 0.06 0.0$ 0.24
L7 7.2 14 0.17 68 110 390 <1 2.7 0.11 0.24 0.52
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recorded in the other areas owing to the rather
high deposition load of limestone dust and the iow
level of sulphate deposition.
4.2 Deposition estimates
The jon concentrations in the snow cover are the
primary factors determining the ionic balance in
the groundwater and waterways iii the spring. The
deposition values given in Table 2 have been
calculated from the jon concentrations of the
snow,
Table 2. Estimated lixnestone dust deposition in the
surroundings of the Vampula, Louhi and Kolari works:
a. the yearly level, b. during the lifetime of the plant.
The
plant Product
Vam- CaCO3
pula CaMg(C03)2 20—120 kg
Louhi
CaO,Ca(0H)2 5—325 kg 220—14 000 kg (43 a)
Kolari CaCO3 15—260 kg 290—5 000 kg (19 a)
The permanent snow cover was formed in the
Vampula area by 6.12.1986, and snow sampling
took place on 16.3.1987, with a total deposition
time of 100 days. The mean water equivalent of the
snow was 70 mm. The corresponding values for the
Louhi area from 4.12.1986—29.3.1987 (115 days)
was 100 mm, and for the Kolari area 4.11.1986—
15.4.1987 (162 days), 95 mm.
The monthly calcium deposition varied in the
Vampula area from 38 to 231 mg m2, in the Louhi
area from 9 to 678 mg m2, and in the Kolari area
from 28 to 528 mg m2. The corresponding values
for magnesium were 1.3 to 5.0, 1.0 to 12.0 and 1 to
11 mg m2. The potassium deposition leveis were
approximately the same as the magnesium leveis.
Converting the calcium and magnesium deposition
values into amounts of limestone per hectare gives
a rough estimate of the “liming level” per year and
throughout the lifetime of the plants (Table 3).
The amount of limestone falling as atmospheric
deposition is relatively small compared to the
recommended leveis for field liming. It is recom
mended that agricultural limestone be applied at a
level of 5—7 tonnes ha1, i.e. 1400—2000 kg of
calcium and 200—300 kg of magnesium per
hectare. Liming at this level increases the pH of
the soil by about 0.3—0.5 units depending on the
Table 3. The monthly deposition leveis (mg m2) during
surrounding the Vampula, Louhi and Kolan works.
winter 1986/87, as calculated from the snow cover
Deposition mg
Sampling N03—N NH4—N N0 504 Ca Mg K Na
Vampula
11 8.4 1.6 13.7 27.3 38 1.7 2 9L2 11.3 1.4 24,8 90.3 118 2.3 8 19
L3 9.5 1.6 13.9 60.9 63 3.2 2 5L4 7.6 0.9 12.8 52.5 227 3.2 3 8L5 9.0 1.8 19.1 96.6 231 5.0 2 4
L6 8.6 1.2 20.4 63.0 118 1.7 1 6
L7 8.6 0.8 15.3 54.6 92 1.3 1 5
Louhi
LI 9.7 0.7 10.2 52.2 678 12 2 7
L2 10.2 0.5 12.0 47.0 180 7 1 3L3 11.0 0.9 15.4 41.7 40 2 1 11
L4 9.1 0.9 10.4
— 15 2 2 5L5 9.9 0.7 10.2 41.7 9 1 1 5L6 8.6 0.1 14.3
— 11 1 1 6L7 11.2 0.5 16.4 44.4 17 1 2 6
Kolari
LI 5.6 1.4 8.6 30.0 528 11 11 7
L2 4.6 1.2 8.8 21.1 389 9 9 6
L3 4.4 2.0 9.6 <18 137 3 4 7
L4 4.7 1.1 8.1 <1$ 28 1 2 3L5 2.6 2.5 10.0 <18 76 2 2 4
L6 5.2 1.4 8.8 <1$ 42 1 1 4
L7 1.2 1.9 6.9 <18 48 2 4 9
Deposition kg ha’
a. 1. year b. Lifetime
80—480 kg (4 a)
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type of soi1 and its initial pH.
Limestone deposition from the Vampula works
is clearly lower than from the other plants for both
annual level and total deposition. The amounts of
limestone dust emitted by the Louhi and Kolari
works are of the same order of magnitude. Owing
to the plants long lifetime, the Iand surrounding
the Louhi works has been limed the most. In fact
the emission effects from the Louhi works are
restricted to a relatively small area around the
plant. The neutralizing effects of deposition in the
surrounding area are considerably dependent on
differences in the products made at the individual
plants, i.e. whether deposition is fine stone dust or
technical limestone dust.
The mean deposition of base cations (Mg, K,
Na, Ca) in the snow cover in the study areas was
calculated with respect to magnesium as follows:
Vampula Mg - K < 3.1 Na <49 Ca
Louhi Mg < 0.4 K < 1.5 Na < 34 Ca
Kolari Mg < 1.2 K < 1.5 Na < 46 Ca
5 JON RATIOS JN THE SOJL AND
LJMING
Soil has a high natural capacity to resist acid
ification although Finnish soils unfortunately
contain very little limestone. Being easily weather
able, limestone is an effective buifer against
acidification.
The buffer reactions promote soi! weathering
through jon exchange iii which the base cations are
replaced by hydrogen ions. This is a key phenom
enon in the development of soil acidification. As a
resuk of cation exchange the base saturation of the
soil decreases. As acid deposition continues, the
decrease in base saturation gradually brings about
an increase in acidification of the soil and soil
water. A decrease in soil p11 is the resuit of base
cations displacement by hydrogen ions (H+) on the
exchange sites of the soil particles. However, these
exchange reactions are govemed by equiibrium
constants and part of the hydrogen ions derived
from acidic deposition are not bound to the soil
and are eventually leached into the groundwater
and waterways. The extent of hydrogen ion
exchange is mainly regulated by the base saturation
of the soil and thus also the pH.
The purpose of liming is to reduce the amount
of hydrogen ions free in the soil solution and to
bound to exchange sites in the soil. For example,
liming with calcium carbonate (CaCO3) results in
the liberation of calcium (Ca2+) and bicarbonate
(HCO3j. The free hydrogen ions react further
with bicarbonate to form carbonic acid (H2C03).
Carbonic acid decomposes into water and carbon
dioxide. The reactions are as follows:
CaCO3 + H 4 Ca2++ HCO3-
HC03 + H H2C03
H2C03 H20 + c02
Limestone or calcite (CaCO3) is the most
commonly used waterway !iming agent. It is
relatively easily soluble compared for instance with
dolomitic limestone, and has been found to have
only negligible effects on aquatic fiora. If the
limestones particle size is too large, then iron
carbonate or some other metal oxide will be
formed around the particles and prevent its
dissolution.
Dolomitic limestone is also widely used in
liming. It is relatively sparingly soluble, and is best
suited as an ameliorative agent for soi1 because it
contains over 10 % magnesium, an element essen
tial for plant growth. The reactions of dolomitic
limestone with hydrogen ions and water are given
in the following (Sverdrup, 1985):
CaMg(C03)2 + 2H+ Ca2 + Mg2 +2 HCO3-
CaMg(C03)2 + 21120 Ca2 + Mg2 +2 HCO3-
+20H
CaMg(C03)2 + 2H20 +2 C02 Ca2 + Mg2
+4 HCO3-
5.1 Determination of pH and acid
neutrahzing capacity (ANC)
Changes in the acid/base equilibrium were esti
mated as the reduction in the buffering capacity of
the soi1 (— ANC). The main processes involved
iii the accumulation of acidic compounds iii the
soil and the removal of basic compounds from the
soil affect the acid/base equilibrium. The buffering
capacity of the soil solution usually increases as
acid meit water percolates down through the soil.
This is due partly to neutra!ization of free protons
by the soil, and partly to the formation of
bicarbonate ions (Schnoor and Stumm, 1985).
A!uminium polymerization reactions also bind
hydrogen ions in the clay minerais in the B horizon
of the podzol profile (Räisänen, 1988).
Soi! sampies were taken from the different
horizons to determine the buffering capacity. An
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attempt was also made to estimate the effects of
leaching on the soi1 profile. The ANC value used
to depict the buffering capacicy is usually smaller iii
the elluviated layer (E) than deeper down the soil
profile. The resuit of soil analyses for the Vampula
and Louhi areas are given in Table 4. No soi1
sampies were taken in Kolari.
The buffering capacity values (ANC value) given
by the different acid additions did not vary
significandy down the soil profiles. J.n general, the
buffering capacity of the soil was excellent in ail
cases. No reduction in the buffering capacity as a
resuit of acidification was detected. In fact, the
situation was quite the opposite. Deposition of
limestone dust has clearly improved the ANC
values in the areas.
The acidificationlliming effect was also exam
ined using a theoretical curve depicting the amount
of neutralized hydrogen ions (Fig. 5). The
pH/ANC values for Loiihi and Vampula are
plotted on the graph. The position of the poirLts
along the curve correspond to a good and an
extremely good buffering capacity (Räisänen,
1987). The ANC values obtained for the Vampula
sampies with the lower acid addition (pH 3.3) were
clearly less than the corresponding values for the
Louhi area, due to the smafler liming effect.
The high ANC values also indicate that
deposition of limestone dust is able to completely
neutralize the production of hydrogen ions in the
soil. If there is a state of equilibrium between
exchangeable base cations and hydrogen ions, then
the effects will not yet necessarily be seen as a
change in groundwater acidity.
o Louhi
O Vamputo
5 40 3
Fig. 5, The buffering capacity of the soil, expressed as the
ANC value, with different acid additions (pH 3.3 and pH
2.3—2.4) in the areas surrounding the Louhi and Vam
pula works.
Table 4. The pH and ANC values of the soil samples from different depths in Louhi and Vampula.
Sampling Depth < 0.5 mm pH ANC
point cm grain size NH4N03 Extract- 2.2—2.3 3.3 3.3 2.3—2.4
solution solution
Louhi
Ml 10 44 5.2 (5.5) 3.5 4.5 0.47 4.7
30 75 6.1 (5.4) 4.1 5.8 0.50 4.9
50 67 5.2 (5.3) 3.8 4.8 0.49 4.9
100 66 6.1 (5.3) 3.7 5.4 0.50 4.8
M2 10 65 5.1 (5.5) 3,$ 4.7 0.48 4.9
30 62 5.2 (5.4) 3.7 4.8 0.49 4.8
50 65 5.4 (5.3) 3.8 4.9 0.49 4.8
100 71 5.5 (5.3) 3.6 4.7 0.49 4.8
Vampula
MI 10 74 4.5 (5.5) 3.4 4.2 0.44 4.6
30 78 4.7 (5.4) 3.9 4.6 0.48 4.9
50 62 5.1 (5.2) 3.8 4.6 0.48 4.8
M2 10 30 4.7 (5.2) 4.0 4.6 0.48 4.9
30 9 4.7 (5.2) 3.9 4.5 0.48 4.9
50 41 5.3 (5.4) 3.6 4.7 0.48 4.7
ANC pH 3.3
0.1
0.1
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5.2 Base cation determinations
The base saturation, i.e. the proportion of cation
exchange sites occupied by base cations, was not
determined on the soil sampies in this study. The
effects of limestone deposition on the soi! were
estimated on the basis of the water-extractable
base cation contents (Ca2+, K+, Mg2+, Na+) and
the pH. The Ca, Mg, K and Na concentrations in
the 0.025M NH4NO3 solution without any acid
addition were used as the water-extractable
contents. The results are presented iii Table 5. The
base cation determinations are in good agreement
with the buffering capacity of the soil in a vertical
direction as estimated by the ANC determinations.
The cation deposition has been strongly absorbed
in the upper layers of the soil.
The calcium contents in the Louhi area are
rather evenly distributed down the soil profiles.
Point Ml was an exception in that Ca had become
enriched in the 30-cm deep layer. The base cation
contents in the Vampula area were the highest in
the uppermost layers of the soil. The mean ratios
of the base cations (with respect to magnesium)
down the soil profile were:
Table 5. The Ca, Mg, K and Na contents fmg 11) in the
extractant (without acid additions) of soi! samp!es from
the areas surrounding the Louhi and Vampu!a p!ants.
Sampling Depth Ca Mg K Na
point cm mg11
Louhi
Ml 10 2.1 0.81 1.7 0.3
30 18 0.26 2.8 0.8
50 3,5 0.09 1.5 0.1
100 4.6 0.17 2.1 <0.1
M2 10 2.3 0.44 2.4 0.4
30 3.2 0.61 3.4 0.6
50 2.2 0.84 2.2 0.1
100 1.4 0.32 1.7 0.3
Vampula
M 10 4.1 1.1 2.1 0.6
30 4.8 0.88 2.1 0.6
50 1.9 0.31 1.5 0.4
M2 10 4.6 1.1 3.2 1.0
30 2.2 0.73 3.4 0.2
50 2.1 0.74 1.7 0.4
The exchangeable cations in the soi1 are positively
charged metallic ions that are bound to negatively
charged sites on the soi! particles and organic
matter. The strength of cation exchange depicts
the soils capacity to neutralize acidic deposition
(H2S04, HNO3). The prime factor affecting the
buffering capacity is the cation exchange capacity,
which is dependent on the amount of organic
matter and fine material in the soi!, as wel! as the
base saturation (i.e. the proportion of cation
exchange sites occupied by base cations).
6 ION RATIOS IN THE
GROUNDWATER
Groundwater quality is determined by the geo
hydrological conditions in the area where the
groundwater is fonned. Therefore, its ionic
composition usually reflects the mineral ratios of
the bedrock and soi! in the area. Acidic meltwater
or rainwater effective!y disso!ves out buffering ma
terial from the soi!, thus preventing groundwater
acidification.
The acidification of groundwater can be con
sidered to fol!ow a number of different phases. In
the first phase smal! amounts of e.g. calcium,
magnesium and su!phate start to be dissolved into
the groundwater. In this stage there is stiil p!enty
of basic buffering materia! present, and the pH
remains constant or even rises slighdy. A slight pH
rise of this sort is often a sign of the onset of
acidification. In the second phase the buffering
material starts to become exhausted and acid
ification increases. In the third phase the buffering
capacity has disappeared (alkalinity = 0), and the
pH may even have fallen to below five. At this
stage aluminium disso!ution starts to increase
rapidly.
Owing to the buffering capacity of the soil,
groudwater becomes acidified differendy than
surface water. Acidity in the groundwater remains
constant for as !ong as there is sufficient buffering
materia! !eft to “neutralize” hydrogen ions.
Under finnish conditions, the weathering of
silicaceous minerais is the main mechanism regu
lating groundwater acidity. Carbonic acid disso!ves
out base cations from the soil, thus increasing the
alkalinity of the groundwater. The alka!inity of the
groundwater is defined as the capacity of the soil
and groundwater to neutralize acidity. The aika
linity values of groundwater usually better depict
the acidification of water than its pH value.
Louhi Mg<0.7 Na <5K
Vampu!a Mg <0.6 Na <2.8 K
<10.7Ca
<4.1 Ca
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The alkalinity in the study areas (Table 6) was
generally rather high and in places almost 10 times
the Finnish average (0.3 mmol 1—1). This shows that
base cations in the groundwater have effectively
neutralized the acidity over wide areas around the
limestone plants. However, in some areas, such as
points P5, P6 and P7 in Vampula, there were clear
signs of the onset of groundwater acidification —in
addition to low alkalinity, also low pH values
(5.6—5.8). Limestone-dust deposition leveis lii
these areas were also Iow. The mean pH of the
groundwater in shallow aquifers in Finland is 6.3
(Soveri, 1985).
Low groundwater alkalinity shows that the
buffering capacity of the area is almost exhausted,
since acidic deposition in the area exceeds the rate
of alkalinity formation. The calcium and mag
nesium concentrations have the greatest effect on
alkalinity. The smaller the sum of base cations, the
greater is the corresponding hydrogen ion concen
tration in the groundwater.
6.1 lon ratio analysis
lon ratio analysis of the groundwater was used to
estimate the dependence between the concentra
tions of different ions. Alkalinity describes the acid
neutralization capacity iii the water, which in
groundwater consists almost completely of the
bicarbonate concentration (HCO3j. When the
Table 6. Chemical composition of the groudwater in the area surrounding the Vampula, Louhi and Kolari works. SK =
cement-ring well, PK = artesian well, L spring, and KK = stone-faced well.
Groundwater concentration
Sampling EI y Alk. N03—N NH4—N N0 P04—P Al CI S04 Ca Mg K
point mSm1 mmol 1—1 g 1 jig 1—1 pg M g M .tg 1 mg 1—1 mg 1—1 mg M mg l mg 1—1
Vampula
P 1(L) 7.9 28 2.3 600 <5 650 <5 <10 1.7 28 8.4 2.9 11
P 2(SK) 6.0 15 0.90 34 ii 460 <5 220 <1 8.4 2.5 1.6 3.0
P 3(SK) 6.0 23 0.76 3800 57 4500 <5 130 5.7 6.0 3.5 13 8.8
P 4(SK) 6.5 15 0.71 3400 28 3900 15 89 2.4 13 2.0 1.7 4.0
P 5(SK) 5.8 10 0.20 1700 13 2100 <5 60 4.4 5.1 2.3 1.5 4.5
P 6(SK) 5.7 9.9 0.20 170 14 400 <5 57 4.8 3.4 1.8 0.70 3.0
P 7(L) 5.6 7.6 0.16 140 <5 330 <5 240 4.7 3,4 2.0 1.8 2.8
P 8(SK) 6.7 40 1.9 680 7 990 <5 20 16 38 10 2.5 13
P 9(SK) 7.2 24 0.86 8000 50 8600 23 180 4.2 31 2.8 1.6 4.5
P10(SK) 7.0 42 2.6 120 33 650 5 2 9.0 40 12 2.0 15
Louhi
P 1(SK) 7.1 37 2.6 2200 <5 2300 <1 <10 5.7 60 4.5 2.7 3.0
P 2(KK) 6.7 17 0.87 4500 <5 4700 64 <10 2.8 13 2.8 3.9 21
P 3(PK) 7.4 19 0.62 48 61 170 170 16 15 18 3.3 3.5 8.0
P 4(L) 7.6 63 2.1 1600 <5 1700 <5 11 59 80 18 5.5 12
P 5(L) 6.3 41 0.30 82 9 92 9 97 49 54 8.1 2.6 4.5
P 6(KK) 6.5 24 0.85 3900 17 4700 120 33 4.5 16 3.3 12 2.3
P 7(SK) 6.5 19 2.0 1700 8 1800 17 38 16 28 3.0 2.5 7.3
P 8(KK) 6.4 26 1.3 6000 55 6200 100 40 5.3 20 3.3 29 2.8
P 9(KK) 6.2 15 0.27 6400 75 6800 <5 35 3.9 6.3 2.0 4.9 7.0
P10(KK) 6.1 63 0.75 24000 71 25000 <5 40 13 45 5.9 62 15
Kolari
P 1(SK) 7.1 30.2 1.32 150 210 370 54.0 33.5 9.0 13.0 8.0
P 2(L) 6. 10.5 0.44 250 28 280 3.4 7.2 1.3 15.0 9.0
P 3(L) 6.9 14.0 0.66 150 20 180 19.0 15.5 1.5 8.5 4.0
P 4(L) 7.1 6.7 0.41 270 61 330 3.5 5.9 1.4 2.5 4.0
P 5(L) 7.1 8.4 0.44 160 37 210 2.8 5.3 1.7 5.5 3.0
P 6(L) 7.1 6.7 0.27 100 44 150 3.1 2.1 1.3 10.5 9.0
P 7(L) 6.8 6.4 0.41 170 7 180 3.6 4.7 1.6 2.5 2.0
P 8(L) 6.4 8.0 0.42 120 35 160 3.3 4.5 1.9 5.0 2.0
P 9(L) 6.6 5.1 0.22 63 0.5 65 3.2 2.1 1.1 6.5 8.0
P10(L) 6.5 7.9 0.64 110 19 130 2.4 3.3 1.4 6.0 1.0
Muonio 53 3.2
(L)
0.08 360 14 2.5 1.3 0.3 0.5 1.5
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Alkolinily
Fig. 6. The dependence between alkalirnty and pH in the
groundwater in the Louhi, Vampula and Kolari areas.
soi1 is limed, carbonate ions (C032j are trans
ported down to the groundwater, which in turn
increases alkalinity.
Groundwater acidity in the study areas was
clearly dependent on alkalinity (Fig. 6). In point of
fact, the dependences varied considerably from
point to point, due to the differing structure of the
soil and thickness of the overlying organic layer
which varied considerably in the areas. These soil
properties also have an effect, that varies from site
to site, on the behaviour of the exchangeable ions
iii the soil. There is thus always a certain amount
of variation in the relationship between acidity and
alkalinity. The clearest dependence was found in
the Vampula area, which also had the greatest areal
variation in deposition leveis.
Vampula pH = 0.677 Alk + 5.72 R2 = 0.64
The alkalinity of the groundwater is most affected
by the sum of calcium and magnesium ions. Being
positive ions, calcium, magnesium and potassium
ions are effectively bound on the negatively
charged exchange sites of the humus material and
clay minerais. Most of these ions are exchanged
with hydrogen ions, and hence the changes iii the
pH equiibrium of the soil water are also relatively
small. In a coarse-grained mineral soil, which also
has a thin overlying organic Iayer, the importance
of ion exchange is minor. Under such conditions
the effects of acidification or liming are most
rapidly and clearly evident in the groundwater.
The effect of calcium and magnesium ions
primarily on groundwater alkalinity are examined
in Fig. 7. The dependence was strongest in the
Kolari area, where the soil is coarse, while it was
weakest in the Louhi area where the differences in
soil geology were the greatest.
HC03 = 0.443 (Ca2+ + Mg2+)
+ 255.99 R2 = 0.90
HC03 = 0.799 (Ca2+ + Mg2+)
+ 44.67 R2 = 0.85
HC03 = 0.263 (Ca2+ + Mg2+)
+601.30 R2=026
HC03 = 0.421 (Ca2+ + Mg2+)
+ 352.13 R2 = 0.52
Vampula H+
= 817.88
—
0.32
1 (Ca+, Mg2+)
The effect of strong mineral acids on the
weathering of calcium and magnesium can be
on
0
/
/
pH
7.0
6.0
5.0
0
Kolari
Vampula
Louhi
Whole material
o LOUHI
O VAMPULA
K0LARI
The replacement of hydrogen ions by other cations
can be examined as the dependence between
2 m mol 1 3 equivalent concentrations (fig. 8). In areas where
the hydrogen jon concentration is small, the
corresponding sum of the equivalent concentra
tions of magnesium and calcium is large. This
demonstrates the indirect effect of liming in acidity
neutralization. The clear effects of acidification
were observed at one point at Vampula, where the
hydrogen jon concentrations were exceptionally
high. The acid load in these areas is greater than
the effect of liming. The following regression
equation was calculated for the Vampula area,
where the asymptotic correlation value is 0.82.
eqf1 0 LOUHI
O VAMPULA
O K0LAR
O
2000 0
1000
0
0 o
0 1000 2000 3000 jeq 1 4000
2., Ug2
Fig. 7. The combined effect of calcium and magnesium
ions on groundwater alkalinity in the areas surrounding
the Louhi, Vampula and Kolari works.
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fig. 8. The dependence of the sum of the calcium and
magnesium concentrations on the hydrogen ion concen
tration iii the groundwater in the areas around the Louhi,
Vampula and Kolari works.
1 NItl
examined as the dependence between the equival
ent concentrations of (5042j and (Ca2+ + Mg2+
— HCOf) in groundwater (fig. 9). If most of the
calcium and magnesium present in the groundwater
is derived from weathering by the strong acids in
rainwater, then the interaction in question is good
(Garvey et al. 1981). In this case there was a rather
large variation between the point clusters in the
observation areas which suggests that the base
cations present in the groundwater are mainly
derived from limestone-dust deposition. The best
dependence was in the Vampula area, where the
effect of liming was also found to be the lowest.
Vampula S042— = 0.448 (Ca2+ + Mg2
— HC03) + 235.87 R2 = 0.42
Whole S042— = 0.866 (Ca2 + Mg2
material
— HC03) + 3 10.62 R2 = 0.66
6.2 Effect of the limestone-dust
deposition load
The effect of the limestone load on the acidlbase
equilibrium of the groundwater was examined as
the dependence between the sum of the equivalent
concentrations of base cations (Ca2+ + Mg2+) in
the groundwater and in the snow (Fig. 10). This
effect could not be estimated directly because
other factors such as the vegetation, permeability
and thickness of the soi! also have a decisive
influence on the behaviour and leaching of base
cations in the soi!. This naturally introduces
considerable variation in the analysis. The resu!ts
are therefore always examined separately and by
area.
The effect of limestone dust on the groundwater
was most clearly evident in the Kolari area. The
geologica! conditions and vegetation were almost
the same throughout the whole study area. The
pH in natural springs in the Kolari area varied
from 6.4—7.1 (Finland Md 6.3) and the
alkalinity from 0.22 to 0.66 mmol 1’ (Fin!and Md
= 0.22), while the pH in the contro! area of
Muonio was 5.9 and the alkalinity 0.08 mmo! 11.
The groundwater pH and alka!inity level in the
Kolari area were clearly higher than the mean for
natural conditions in Fin!and and in the control
area of Muonio lying outside the area.
Ko!ari I(Ca2+, Mg2+)500
0.669 I(Ca2+, —
65.29 R2 = 0.98
/
/
/0
/
/
0 LOUHI
O VAMPULA
K0LARI
/
/0
0/
/
/.
0
/
/
/
/
/
0
/eq
3000
200
o100°
.
0
0.
0 1000 2000 ,eq I 3000
Co2’. Mg2-HCO
Fig, 9. The dependence between the equivalent concentra
tions of sulphate and (calcium + magnesium + alkalinity)
in the groundwater.
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Fig. 10. The effect of deposition on the calcium and
magnesium concentrations in the groundwater in the
areas surrounding the Louhi, Vampula and Kolari works.
The deposition leveis of calcium and magnesium in
the Louhi area were low, especially outside the area
of the piant proper. Despite this, the corre
sponding leveis iii groundwater were rather large
compared to the other study points. This may be
due to the iong lifetime of the works, during which
the base saturation of the soil has gradually risen to
a level where the buffering capacity of the soi1 in
the area is able to neutralize the incoming acid load
(see Fig. 8).
Louhi (Ca2+, Mg2+)00
0.099 X(Ca2+, —
88.34 R2 = 0.89
lii contrast, no dependence at ali (R2 = 0.01) was
found in the Vampula area between the base
cations iii deposition and groundwater.
In Sweden it has been estimated that 10 to 15 t
ha1 of limestone or 9 to 13 of dolomitic limestone
are required to raise the groundwater pH to a level
(pH 7) where there would be no corrosion
probiems (Larsson and Persson 1984). Limestone
applications at this levei wouid increase the base
saturation of the sudace layers of the soil to 80 %.
Normal Iiming of agricultural soi! (— 5 t ha1) is
not usually sufficient to change the pH equffibrium
of the groundwater. The real iiming requirement
appears to be two or three times higher, and is
aiways dependent on the ground vegetation and
soil geoiogy conditions in the area.
The “liming” investigated here differs essentially
from the normal liming technique. Limestone is
continuously emitted from the chimneys of the
works, and the iimestone dust is extremeiy fine
grained. The limestone thus dissolves rapidly and is
transported quickiy along with percolation water
into groundwater. The more effective the jon
exchange reactions of the soi!, the iess caicium is
transported into the groundwater, especially iii
areas where the base saturation of the soi! is low.
The jon exchange reactions of fine-grained lime
stone take place more effectiveiy and faster in the
soi! than those of coarse-grained limestone. The
texture of ameliorative limestone is usually 98 % <
2mmand5l%<0.l5mm.
Soil iiming may be an important control
measure in the future against groundwater
acidification. Neutralizing reactions comparabie to
liming occur naturally iii the soil when caicium is
released during the weathering of minerais. How
ever, before soi! liming can be started on a iarge
scaie, we require answers to the following ques
tions:
1. What is the effect of liming on ground vegeta
tion and forest ecosystems?
2. What is the correct application technique for
iiming, when shouid it be repeated, shouid the
iiming agent be limestone or doiomitic limestone,
and what is the correct grain size to maximize
soiubility and the jon exchange capacity of the soi!?
3. What shouid be lime& wells, around the wells,
the whole groundwater recharge area or only part
of it?
The greatest probiem in soi! liming will obviously
he determining the correct amount of limestone to
appiy and its texture. k has been estimated that as
much as 5—40 t ha1 of limestone are needed to
neutralize groundwater acidity (Sverdrup and
Warfvinge 1986). Such amounts of iimestone are so
iarge that they can hardiy be recommended for the
who!e groundwater recharge area. The oniy
akemative would be to lime sections along the
main paths of groundwater flow (Fig. 11). This
would allow the use of altematives with respect to
the iocation and size of the liming area and the
liming materiai. The grain size of the iimestone to
be used is determined according to the geological
and geohydrological conditions, which shouid a!so
be taken into account when considering reliming.
Correct location of the liming areas can a!so
regulate the effects of liming and its duration in
the groundwater.
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amount of limestone used, but also the liming
technique is important in determining the effec
tiveness of liming in the soll/groundwater system.
The liming of soil is technically more difficuft to
carry out and considerably more expensive than
the liming of waterways, for instance. Despite
these, soil liming has been shown to be a rather
reliable future method for reducing acidification in
the waterways and groundwater in the Nordic
countries. However, the formulation of uniform
recommendations and guidelines stiil presupposes
further research before the real effects of liming in
a diverse environment can be sufficiently well
estimated.
7 CONCLUSIONS
The effect of limestone dust deposition on
groundwater acidity was estimated in three indus
trial areas with different deposition leveis. The
study areas were selected in such a way that the
local limestone deposit had no effect on the ionic
composition of the groundwater. In certain cases it
was possihle to demonstrate that limestone dust
had increased the concentrations of base cations,
the pH and the alkalinity of the groundwater. The
changes were usually small or, in areas where the
limestone deposition was low, non-existent. Values
which clearly differed from the background levels
were recorded in the vicinity of the works. The
limestone deposition leveis were largest and most
extensive in the areas surrounding the Kolari
works.
Another aim of the study was to estimate the
liming leveis needed to increase the acid/base
equilibrium of the groundwater to a certain level,
Owing to the differences in soil properties and
terrain, it was not possible to formulate any
general liming guidelines. The need for liming and
the specific liming technique always have to he
tallored to the prevailing conditions.
The limestone deposition leveis jo the areas
around the works were clearly lower than the
recommended levels for fields. However, it was
stiil possible to demonstrate a reduction in the
acidity of the groundwater in the areas surrounding
the works. This demonstrates that not only
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YHTEENVETO
Kalkkipölykuormituksen vaikutusta pohjaveden
happamuuteen arvioitiin kolmella teollisuusalueella
erilaisilla kuormistustasoilla. Tutkimusalueet oli
valittu siten, ettei paikaffisilla kalkkikiviesiintymillä
ollut vaikutusta pohjaveden ainesuhteisiin.
Eräissä tapauksissa voitiin osoittaa kalkkipölyn
lisänneen pohjaveden emäskationien määrää, pH:ta
sekä alkaliniteettia. Alueilla, joissa kalkkikuormitus
oli pieni, muutosta ei todettu lainkaan. Selvästi
taustapitoisuudesta poikkeavia arvoja todettiin
tehtaiden läheisyydessä, jossa myös kalkkipölylas
keumat olivat suuremmat.
Tutkimuksilla pyrittiin myös arvioimaan kalki
fig. 11. Example of a liming pian for the soi1 in part of
the groundwater formation area: A —sand/gravel area, B
— glacial till area. 1 = groundwater formation area, 2 =
well or water exmction point, 3 main direction of gmundwater
flow, 4 = Iiming area, and 0 = particle size of the
hmestone dust.
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tuksen kannalta, minkälaisia kalkkimääriä tarvittai
siin, jotta pohjaveden emäksisyys lisääntyisi. Maa
perän ja maaston erilaisista ominaisuuksista joh
tuen selkeiden ja yhtenäisten kalldtusohjeiden an
taminen ei ole mahdoffista, vaan kalkitustarve ja
kalkitustapa tulisi aina erikseen ratkaista tapaus
kohtaisesti.
Ruotsissa on arvioitu, että tarvitaan 10—15 tn
kalkkikiveä tai 9—13 tn dolomiittikalkkia hehtaa
ria kohti, jotta pohjaveden pH saadaan sille tasolle
(pH 7), että korroosiohaitat oleeffisesti vähenevät.
Tämä kalkkimäärä nostaa maan pintaosan emäskyl
lästysasteen 80 %:in. Normaali kalldtilannoitus pel
toalueilla (— 5 tn ha’) ei yleensä vaikuta pohjave
den pH-tasapainoon.
Maaperän kalkitus on teknisesti vaikeampi to
teuttaa ja tämän tutkimuksen “kalkitus” poikkeaa
oleellisesti normaalista kalkitustavasta. Tehdas
piippujen kautta tapahtuva kalkkikuormitus on
jatkuvaa ja kalkkipöly on erittäin hienojakoista, jol
loin se liukenee ja kulkeutuu nopeasti suotovesien
mukana pohjaveteen. Mitä tehokkaammat ovat
maaperän ioninvaihtoreaktiot, sitä vähemmän huuh
toutuu kaIkkia pohjaveteen, erityisesti alueilla mis
sä maaperän emäskyllästysaste on alhainen. Hieno
jakoisen kalkkipölyn ioninvaihtoreaktiot maaperäs
sä tapahtuvat tehokkaammin ja nopeammin kuin
karkearakeisefia kaikilla. Maanparannusaineissa
kalkkikiven rakeisuus on yleensä 98 % <2 mm ja
50%<0,l5mm.
Tutkimuksessa kalkkilaskeumamäärät tehdas-
alueilla olivat selvästi pienempiä kuin peltokalki
tussuositukset. Siitä huolimatta voitiin osoittaa
tehdasalueiden ympäristön pohjavedessä tapahtu
neen happamuuden vähenemistä. Tämä osoittaa
sen, ettei ainoastaan kalkkimäärällä, vaan myös
kalldtustavalla oli suuri merkitys kalkituksen te
hokkuuteen maaperä-pohjavesisysteemissä.
Maaperän kalkitus saattaa olla tulevaisuudessa
merkittävä hoitokeino myös pohjaveden happa
moitumista vastaan. Tapahtuuhan maaperässä jo
luonnostaan kalkitukseen verrattavia neutraloivia
reaktioita, jolloin mineraalien rapautumisen yhtey
dessä vapautuu aina myös kalsiumia. Ennenkuin
maa-alueiden kalkitusta pohjaveden happamuuden
vähentämiseksi aletaan laajemmin toteuttaa, tulisi
kuitenkin ratkaista seuraavat kysymykset:
1. Mikä on kalldtuksen vaikutus kasviffisuuteen ja
metsäekologiaan.
2. Oikea kalkitustapa, sen toistettavuus, kalkitusai
ne (kalkkikivi tai dolomiitti) sekä oikea rakei
suus suhteessa liukoisuuteen ja maan ioninvaihto
kykyyn.
3. Kalkiwskohde: joko kaivo, kaivon ympäristö,
pohjaveden koko muodostumisalue tai sen osa-
alue.
Maaperän kalkitus on teknisesti vaikeampi toteut
taa ja taloudellisesti huomattavasti kalhimpaa kuin
esim. vesistöjen kalkiws. Tästä huolimatta maape
rän kailtitus on todettu yleisesti Pohjoismaissa ru
levaisuudessa varteenotettavaksi menetelmäksi ve
sistöjen ja pohjavesien happamoiwmisen vähentä
miseksi. Yhdenmukaisten suositusten ja ohjeiden
antaminen edellyttää kuitenkin vielä runsaasti lisä-
tutkimusta, ennenkuin kalkituksen todelliset vai
kutukset monimuotoisessa ympäristössä voidaan
riittävän hyvin arvioida.
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